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ABSTRACT
For this project some 22 formations in the Cowra Trough/Molong High 
tectonic zones of south east Australia were extensively sampled. These 
samples range in age from Early Ordovician through to Middle Devonian, and 
include limestones, sandstones, volcanic tuffs, rhyolites and dolerites.
After measurement and analysis of the palaeomagnetic characteristics 
of the collected samples, five components were identified: 1) A primary 
component, obtained from most of the formations sampled, and verified by 
using fold tests or similarity with poles obtained from underlying or 
overlying strata. 2) A Silurian secondary component from one of the 
Ordovician formations. 3) A widespread ubiquitous Devonian overprint which 
was commonly difficult to distinguish from formations which contained a 
primary component of similar age. 4) A poorly defined Mesozoic component, 
that is most likely Cretaceous (100 m.y.) in age, and so related to the 
break of Australia from New Zealand and Antarctica. 5) A recent field 
component, present in the low blocking temperature range of most of the 
sampled formations.
Both the Devonian and Silurian secondary components can be related to 
specific peaks in orogenic activity known to have effected the areas 
sampled. The Devonian component was by far the strongest component, 
commonly completely 'reprinting' the specimen.
When these new data are combined with the reliable earlier results 
from both south east and central Australia, a clearer picture of 
Australia's position during the Palaeozoic is obtained. Consequently, a 
definitive Early Palaeozoic apparent polar wander path is constructed for 
Australia. Three of the previously accepted pole positions do not fit on 
this proposed path in correct stratigraphic order. However, on bedding 
correction, one of these poles moves towards the correct position, and the 
other two move to lie with the Devonian overprint direction obtained. 
Hence, it is suggested these latter two poles are in fact secondary.
A summary of Australia's palaeolatitudes during the Precambrian-Late 
Mesozoic, consistent with the palaeoclimatic, geologic and palaeomagnetic 
limitations, is presented. The poles obtained for the Early Palaeozoic are 
positively identified as South poles indicating that the Australian plate 
resided in the northern hemisphere at this time.
CHAPTER 1
INTRODUCTION
1.1 PALAEOMAGNETIC REVIEW
Since the beginning of Palaeoraagnetic research in Australia, the 
continual increase in the number of analysed palaeomagnetic poles has led 
to confusion rather than clarity. This principally reflects the rapid 
advances in palaeomagnetism, in particular multicomponent analyses, and 
development of new demagnetization techniques. Over the last ten years 
these changes have led to a better understanding of the magnetic history of 
a rock, from its initial remanence through its acquisitions of various 
secondary components, to a present day resultant magnetic direction 
measurable in the laboratory. Many of the older data, although originally 
measured and interpreted correctly according to the knowledge of the day, 
can be interpreted very differently using current knowledge. In most cases 
discrepencies occur over the distinction between the age of the 
magnetization measured and the primary magnetic direction.
Using the available Australian polar data base there are currently 
three interpretations of the correct polar wander curve, each using and 
rejecting similar poles, with the result that several segments of the path 
are still not understood or are ambiguous and so have a number of possible 
interpretations of the data.
Absence of polar data from various sections in the Precambrian segment 
of the polar wander curve, illustrate the need for further study on 
suitably aged rock sequences. In particular the 2300 m.y. to 1800 m.y. 
period and the 1800 m.y. to 1700 m.y. period for Australia are only 
inferred from sparse polar data (Embleton, in prep.).
Australian Precambrian palaeomagnetic results were first obtained by
9Irving & Green (1958), and later by Evans (1968) and Facer (1971; 1974), 
but the polar wander path was not well defined until recent work by 
Giddings (1976), when he obtained results from several dated dyke swarms 
within the Yilgarn craton (2500 m.y. to 700 m.y.). This new work provided 
a base from which future studies could commence. Giddings & Embleton 
(1976) and Duff & Embleton (1976) further reinforced the path with results 
from the Gawler craton and the Mount Isa region respectively. The 1800 
m.y. old Hart Dolerite was reviewed by McElhinny & Evans (1976). McElhinny 
& Embleton (1976) constructed a single apparent polar wander curve for the 
Precambrian of Australia, using all the accumulated polar data to that 
date. Confirmation of this curve was obtained with results from the Black
2Range Dolerite (2330 m.y.) and the related Cajuput Dyke (Embleton, 1978), 
and from investigations of the Mount Bruce Supergroup, the Kylena, Mount 
Jope and Woongarra intrusions and the Cooya Pooya Dolerite as well as 
several other igneous and banded iron formations (Embleton et al., 1979).
Recent studies of the Late Precambrian-Early Cambrian Amadeus Basin by 
Kirschvink (1978a; 1978b), Burek et al. (1979), Klootwijk (1980a), 
McWilliams (1977) and McWilliams & McElhinny (1980), and from Kangaroo 
Island (Klootwijk, 1980a; McWilliams, 1977; McWilliams & McElhinny, 1980), 
together with pole positions obtained from central and northern Australia 
by McElhinny & Luck (1970), Luck (1970, 1972), Embleton (1972a), Embleton & 
Giddings (1974) and Giddings & Embleton (1974) have precisely defined the 
very detailed Late Precambrian-Cambrian polar wander curve for Australia. 
The current updated pole list for Australia is given in Chapter 5. The 
path plots as a wide loop, indicating a period of rapid polar shift during 
the Early-Middle Cambrian (McElhinny & Luck, 1970; Embleton, 1973), with 
Australia in high latitudes throughout the Early Cambrian, moving towards 
low to mid-latitudes during the Middle and Late Cambrian.
The other segment of the Australian polar wander curve requiring 
attention is the Early Palaeozoic. Ambiguities in the interpretation of 
the available data have led to numerous hypotheses for the probable polar 
wander curve for this time period. It is towards a better understanding of 
this particular problem that this project is directed.
Up to the Late Cambrian, the Australian apparent polar wander path 
shows good agreement with similar aged poles from other Gondwana 
continents. From the Latest Cambrian onwards, the problem becomes complex 
for both Australia and Gondwanaland. Ordovician pole positions obtained 
from the Jinduckin Formation, northern Australia (Luck, 1970; 1972); the 
Stairway Sandstone, central Australia (Embleton, 1972b); and the Tumbagooda 
Standstone, Western Australia (Embleton & Giddings, 1974) are in reasonable 
stratigraphic agreement with the extension of the Precambrian track. 
Discrepencies still occur within this younger segment of the path. The 
Aroona Dam sediments (Embleton & Giddings, 1974), for example, plot out of 
correct stratigraphic sequence with respect to other similar poles 
(Embleton, in prep.). All data available to date have been obtained from 
the central and western Australian craton. The central craton was 
stablized by the Ordovician and consists of old, stable lowest Palaeozoic 
Precambrian rocks, whereas the Tasman Geosyncline to the east consisits 
dominantly of Silurian rocks.
The first palaeomagnetic results for the Lower Palaeozoic of south 
eastern Australian were obtained by Irving & Green (1958), and Green
3F i g u r e  1 . 1  The p o l e  p a t h f o r A u s t r a l i a as  p r o p o s e d by McEl h i nny  &
Embl e t on ( 1 9 7 4 ) and Embl e t on e t  a l  . ( 1 9 7 4 ) .  By t h i s
i n t e r p r e t a t i o n  t h e a p p a r e n t  90° d i s c r e p e n c y b e t w e e n  t h e p o l e
p o s i t i o n s f rom c e n t r a l A u s t r a l i a and t h o s e f rom Sout h E a s t
A u s t r a l i a  i s  e x p l a i n e d  by a ' t wo  p l a t e  t h e o r y ' .
4(1961). More detailed studies included the Silurian Yass Volcanics, the 
Ainslie Volcanics, the Bowning Group (Luck, 1971; 1973), and the Mugga 
Mugga Porphyry (Briden, 1966). When these pole positions are plotted with 
the older Palaeozoic central Australian poles, the best interpretation of 
the apparent polar wander curve is not clear. Three interpretations have 
been put forward to date, each as feasible as the other.
McElhinny & Embleton (1974) and Embleton et al. (1974) proposed a two 
plate model to account for a discrepancy in pole positions between the two 
tectonic areas of Australia (Figure 1.1). The Silurian of south eastern 
Australia plots 90° from the youngest Ordovician pole from central 
Australia. This led McElhinny & Embleton (1974) to postulate that the 
Tasman Geosyncline was originally a micro-plate separate from the stable 
central Australian craton. During the Silurian the micro-plate rotated 
towards the stable craton, with the two plates colliding during the late 
Devonian. Hence the polar wander paths for each of the plates coincide 
from this period. This interpretation is based on geological arguments 
(Oversby, 1971) for the possible tectonic evolution of south eastern 
Australia.
A second hypothesis was proposed by Schmidt & Morris (1977). These 
authors successively demonstrate that a single coherent apparent polar 
wander path can be drawn through all the polar data points when the 
Australian Cambro-Ordovician poles are reversed in polarity (Figure 1.2). 
This obviates the need to invoke a two plate theory, a theory now 
criticised for its lack of geological evidence for the required collision 
of two plates. The age of magnetization of the Mereenie Sandstone and the 
rapid polar wander necessary for the path proposed by the Schmidt & Morris 
(1977) theory have yet to be successfully explained (Embleton, in prep.).
The latest hypothesis involves construction of a more complex apparent 
polar wander curve for Australia (Morel & Irving, 1978; Figure 1.3). Two 
of the segments of this path have now been shown to be incorrect, but the 
Siluro-Devonian segment agrees, to first approximation, with the new 
results obtained by this study. A basic misunderstanding of the true ages 
of the Cambro-Ordovician poles, and the misinterpretation of the Mesozoic 
data led to the incorrect plotting of these critical segments in Morel & 
Irving's (1978) reconstruction. The path was made to fit with North 
American and European data and satisfy their tectonics rather than those of 
Gondwanaland.
For the Mesozoic section, the interpretation of the volume of reliable 
data has failed to simplify the path, rather it has made it more complex 
and hence difficult to understand. Recent work by Schmidt (1976a; 1976b;
r5
F i g u r e  1 . 2  The p o l e  p a t h  f o r  A u s t r a l i a  as  p r o p o s e d  by Schmi d t  & M o r r i s  
( 1 9 7 7 ) .  Th i s  p a t h  was c o n s t r u c t e d  by r e v e r s i n g  t h e  p o l a r i t y  o f  
a l l  t h e  A u s t r a l i a n  E a r l y  P a l a e o z o i c  p o l e  p o s i t i o n s  t o  form a 
s i n g l e  c o n t i n u o u s  p a t h .  I t  i n c l u d e s  a l l  t h e  A u s t r a l i a n  d a t a  
p o i n t s  .
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F i g u r e  1 . 3  More l  & I r v i n g ' s  ( 1 9 7 8 )  a p p a r e n t  p o l a r  wander  p a t h  f o r  
Gondwana ( p a t h  ' Y' ) .  T h i s  p a t h  i s  l a r g e l y  b a s e d  on A u s t r a l i a n  
p o l e s .  S e v e r a l  d i s c r e p e n c i e s  i n  t h e  p o l e  p o s i t i o n s  u s e d  t e n d  t o  
d i s c r e d i t  s e c t i o n s  o f  t h i s  p a t h .
71976c) has assisted greatly in the understanding of the movements of 
Australia during the Mesozoic, but the problem is far from solved.
The purpose of this study was to sample suitable Lower Palaeozoic rock 
sequences in south eastern Australia and so constuct an apparent polar 
wander path which would either support one of the above hypotheses or lead 
to yet another proposal.
1.2 SOLVING THE PROBLEM
Intensive sampling from three Lower Palaeozoic rock sequences within 
the tectonically complex Tasman Geosyncline (Packham, 1969) was undertaken 
in an attempt to resolve the differences in interpretation of the apparent 
polar wander paths for Australia during the Early Palaeozoic. One of the 
main problems encountered in previous interpretations of the south eastern 
Australian data is that they each use poles obtained from rock units 
scattered throughout the entire Tasman Geosyncline. Rotations between the 
various fold belts in the Geosyncline have occurred (Schiebner, 1973; 
1976), and of course these would effect the true pole position for 
individual formations in different areas. The palaeomagnetic problems 
encountered because of the complex nature of the Tasman Geosyncline when 
treated as a whole could be overcome if sampling was restricted to one, or 
two adjacent fold belts. In this way the effect of relative motions 
between fold belts, and between them and the stable central Australian 
craton, would be minimized. Poles obtained from sequences within a single 
fold belt should coincide, and if they do, could be used as supporting 
evidence for their validity.
The Molong High and the Cowra Trough (as defined by Packham, 1960; 
1969; Schiebner, 1976) were chosen for this style of investigation for 
several reasons: (1) they offer wide ranging continuous sections spanning 
several time periods. (2) tectonically, the Molong High (and to a lesser 
extent the Cowra Trough) have suffered less defromation than other fold 
belts within the Geosyncline. (3) much of the two belts has been mapped in 
detail, and precise age control is available from well documented faunal 
assemblages. (4) good correlation has been established between different 
sequences both within and between the two belts. (3) structural control 
within the two is at best excellent, and at worst fair (with the exception 
of the Walli Andesite and the Mount Pleasant Andesite where the structure 
is only known to a first order approximation), with enough variation in 
bedding directions for application of Graham's (1949) fold test. (6) they 
offered a vast variation in lithology.
Together, these six characteristics satisfy the basic criteria for any
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Figure 1.4 Regional geology of the areas sampled. The region is part 
of the Molong High / Cowra Trough region of the Tasman Geosyncline 
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l i e s  w i t h i n  t h e  Cowra T r o u g h .  In  t h i s  Area  a s e q u e n c e  o f  
S i l u r o - O r d o v i c i a n  s e d i m e n t s  a r e  f o l d e d  a b o u t  t h e  Cranky  Rock 
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r e p r e s e n t  s e v e r a l  ' s i t e s ' .
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Table  1 .1  S t r a t i g r a p h i c  c o r r e l a t i o n  be tween  Areas  1, 2 and 3 .
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successful palaeomagnetic study.
1.3 SAMPLE AREAS
The three areas sampled within the chosen section of the Tasman 
Geosyncline (Figure 1.4) contain sequences of Lower Palaeozoic rocks folded 
about a major anticlinal structure.
1.3.1 Area 1
Area 1 is located within the Cowra Trough, 15 km northeast of Cowra 
(Figure 1.5). Silurian volcanic tuffs and lavas, arenites, shales and 
limestones are folded about an Ordovician limestone core. Some of the 
sample localities are shown in Figure 1.5. The youngest formation is 
latest Late Silurian to Early Devonian, and occurs within a fault bounded 
block adjacent to the western fault. The major Anticline, the Cranky Rock 
Anticline (Stevens, 1951; Ryall, 1966) controls outcrop over most of the 
area, with a fold axis trending north-south, plunging to the south at 
approximately 25° (measured south of the area sampled). However, within 
the sample area the plunge is minimal. The western limb of the anticline 
is truncated by the Canangle Thrust (Figure 1.5), a fault subparallel to 
the Columbine Mountain Thrust (Stevens, 1951), a dominant feature in the 
area which is traceable for 35 km north-south. The thrust has brought 
Lower Palaeozoic rocks into contact with Upper Devonian-Lower Carboniferous 
sediments. Both faults dip to the west at a moderately high angle (Ryall, 
1966), with as much as 500 metres displacement. A minor angular 
unconformity between the Canomodine Limestone and the overlying Rockdale 
Formation is the only evidence for any Early Palaeozoic orogenic activity. 
The Benambran Orogeny (Latest Ordovician-Early Silurian) in this area 
produced gentle shallowing of the region with some tilting. The first 
period of folding to effect this area occurred during the Late 
Silurian-Early Devonian (Late Bowning to Tabberabberan Orogenies), though 
volcanism within the Middle Silurian resulted from orogenic phases of the 
Bowning Orogeny. After deposition of the Upper Devonian sediments, a 
second folding episode with a principal tensional axis orientated 
east-west, occurred during the Early Carboniferous (Kanimblan Orogeny).
Since stabilization of the region, two events of significance to 
palaeomagnetic interpretation have occurred. The first is the break-up of 
Gondwanaland, and the second, the Kosciuskan Uplift during the Tertiary.
The formations sampled in Area 1 are indicated in Table 1.1.
1.3.2 Area 2
Area 2, located 5 km to the east of Area 1, is situated within the 
Molong High and as such is dominantly Ordovician in age. Detailed mapping
12
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Figure 1.6 Local geology of Area 2 (Manduratna Region) which lies within 
the Molong High and therefore contains thick Ordovician strata. 
This area is some 30 km east of Area 1 and is in two parts, with 
Area 2A some 5 km east of Area 2B. Area 2A is dominated by the 
Davis Creek Anticline; samples were taken form the eastern limb. 
In Area 2B a facies equivalent of these strata was sampled where 
the strata dipped to the northwest. Solid circles represent the 
general areas sampled .
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within the area (Stevens, 1952a; 1954; Smith, 1966) has provided a solid 
palaeontological, lithological and structural background for this study. 
This area is in two sections (Figures 1.6A,B). The first (Figure 1.6A) is 
a northeasterly dipping, conformable sequence of Lower Ordovician 
andesites, overlain by Middle-Upper Ordovician limestones, shales and 
siltstones, which are in turn overlain by Upper Ordovician shales and 
volcanic tuffs. The formations sampled are shown in Table 1.1. This 
structurally continuous sequence forms the eastern limb of the Davy’s Creek 
Anticline (Figure 1.6A; Stevens, 1954). The second section (Figure 1.6B) 
lies 3 km further to the east. Here the Cliefden Caves Limestone is absent 
though a facies equivalent has been found (Chapter 2). The bedding 
direction dips to the north-northwest, allowing application of a fold test.
Through the Ordovician, volcanic activity was the dominant feature on 
the Molong High. Intermittent periods of quiescence and stability allowed 
deposition of carbonates, calcilutites and siltstones (Cliefden Caves 
Limestone and Malongulli Formation).
The whole Ordovician sequence is conformable in the area sampled, 
though Percival (1976) found an angular unconformity between the Cliefden 
Caves Limestone and the underlying Walli Andesite to the east. This 
unconformity is presumably an indirect result of a Middle Ordovician 
orogenic phase. Hie major folding in the area occurred during the 
Benambran Orogeny (Early-Middle Silurian), as the overlying Silurian 
Panuara Formation (not sampled) transgresses the uppermost Angullong Tuff. 
A further period of folding occurred either late in the Bowning Orogeny or 
during Tabberabberan times, as the sediments were folded before deposition 
of the Upper Devonian. Since then, the area has undergone the same history 
as outlined for Area 1.
1.3.3 Area 3
Area 3 is located within the northern section of the Molong High, 
where a much longer period of time in the geological record is preserved. 
Located to the south east of Wellington (Figure 1.7), this area is situated 
about the Oakdale Anticline (Strusz, 1960; Van Dyke & Byrnes, 1976), where 
a Lower Ordovician core (Oakdale Group) is exposed, surrounded by outcrop 
of the Narragal Limestone. The sequence which overlies the limestone is 
the Mumbil Formation, Cuga Burga Volcanics, Tolga Calcarenite and the 
Cunningham Formation. The latter is commonly regarded as part of the Hill 
End Trough, though in the sample area it is conformable with the underlying 
formations of the Molong High. It is Early Devonian in age. Near the Bell 
River (Figure 1.7) the Anticline plunges to the south, though in the area 
sampled there is no evidence of any significant plunge (Morton, 1976).
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Figure 1.7 Local geology of Area 3 (Wellington Region). For the most 
part this Area lies within the Cowra Trough, though the upper most 
unit, the Cunningham Formation, is regarded as belonging to the 
Molong High. Here the Lower Palaeozoic strata have been folded 
about the Oakdale Anticline. Solid circles indicate the general 
areas sampled, and can include several sites.
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Faulting has removed strata younger than the Mumbil Fromation from the 
western limb, and, together with areas of overturned blocks in the eastern 
limb, made sampling difficult. Strusz (1960) found no evidence for any 
significant folding until the post Middle Devonian, as the succession is 
conformable until that time. Recent work (Van Dyke & Byrnes, 1976) found a 
significant time hiatus during the Early-Middle Silurian, presumably a 
reflection of the Benambran Orogeny in that area. There is no evidence 
that the area suffered any effects of the Bowning Orogeny (an orogeny more 
prevalent to the south). The post-Middle Devonian (late Tabberabberan 
Orogeny) and the post-Late Devonian (Kanimblan Orogeny) deformations were 
both significant in shaping the structural style. The latter folding style 
has been superimposed on the Lower Palaeozoic rocks (Strusz, 1960; Van Dyke 
& Byrnes, 1976; Morton, 1976).
1.4 TECHNIQUES
1.4.1 Sampling
Samples were collected along chosen creek, valley and road traverses 
within each area. They were orientated 'in situ' using a modified 
suncompass/clinometer (Erableton & Edwards, 1973), with both the strike and 
dip direction recordings taken with a magnetic compass. Either hand 
samples or drilled cores were taken, dependent on the nature of the 
outcrop. The attitude of the bedding plane was also recorded from each 
sampling site, to calculate the primary direction after 'unfolding' of the 
strata. These collection techniques are described by McElhinny (1973).
Once back at the laboratory, the handspecimens were re-orientated, 
cored and then all the cores were sliced into specimens 2.5 cm in diameter 
and approximately 2.2 cm in height. Each specimen was marked with a 
fuducial line, corresponding to the sun compass strike and way up.
Magnetometers used throughout this study were of two kinds. The first 
was a DIGICO 'complete results' slow spinner magnetometer (Molyneux, 1971) 
for use with many of the specimens with strong intensity, and for some of 
the Alternating Field (A.F.) work. (The DIGICO magnetometer is capable of 
measuring magnetizations down to 1 x 10 ®mA/m (10”® emu) though at these 
intensties it becomes very time consuming). The second magnetometer was a 
Super Conductivity Technology (S.C.T) 2 axis SQUID cryogenic magnetometer 
(Goree & Fuller, 1976) interfaced initially to a DIGICO M16V series mini 
computer, then to a free standing HP2100 series computer, both capable of 
instant data reduction. The cryogenic can measure magnetizations down to 
5-10 x 10”®mA/m (10“8emu) and even at these very weak moments still gives 
'instantaneous' output.
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1 . 4 . 2  L a b o r a to r y  Techniques
I t  i s  e s s e n t i a l  in  any pa laeom agne t ic  s tudy  to  examine the  magne t ic  
c h a r a c t e r i s t i c s  o f  th e  specimens by p a r t i a l  d e m a g n e t i z a t i o n  to  remove 
secondary  components and to i s o l a t e  the  p r im ary  d i r e c t i o n .  This  t e c h n iq u e  
i n v o l v e s  th e  p r e f e r e n t i a l  randomiz ing o f  th e  ' s o f t e r '  magnetic  components 
r e s i d i n g  in  the  m agne t ic  m in e ra l  domains t h a t  have low c o e r c iv e  fo r c e s  or  
low b lo c k in g  t e m p e r a t u r e .
D em agne t iza t ion  t e c h n iq u e s  used in  t h i s  s tuby  were the rm al 
d e m a g n e t i z a t i o n ,  A l t e r n a t i n g  F i e l d  (A .F . )  d e m a g n e t i z a t i o n ,  and chemical  
l e a c h in g  t e c h n i q u e s .  Thermal d e m a g n e t i z a t i o n  ( I r v i n g  e t  a l . ,  1961a) 
in v o lv e s  t h e  s u c c e s s i v e  measurement o f  a specimen a f t e r  a h e a t i n g  and 
c o o l in g  c y c l e  i n v o l v in g  s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s .  The exper im en t s  
were c a r r i e d  out  in  a i r  in  an a p p a ra tu s  (McElhinny e t  a l . ,  1971) c o n s i s t i n g  
o f  a non-magne tic  fu rnace  c a p a b le  o f  r e a c h in g  t e m p e ra t u r e s  in  excess  o f  
700°C, sur rounded  by a 10 c o i l  feedback  c o n t r o l l e d  f i e l d  c a n c e l l a t i o n  
system.  D.C. m agne t ic  f i e l d s  w i t h i n  the  specimen r e g i o n  were kep t  w i th i n  
+2 gammas d u r in g  the  c r i t i c a l  c o o l in g  p e r i o d .  This  c l e a n i n g  method i s  
e f f e c t i v e  because  a r e l a t i v e l y  smal l  change in  t e m p e ra tu r e  r e s u l t s  in  a 
d r a s t i c  change in  r e l a x a t i o n  t ime ( N e i l ,  1955; Haigh,  1958; McElhinny,  
1973, p .9 8 ) .
A l t e r n a t i n g  F i e l d  (A .F . )  d e m a g n e t i z a t i o n  (As & Z i j d e r v e l d ,  1958 
C re e r ,  1959; I r v i n g  e t  a l . ,  1961b; McElhinny,  1973, p .89 )  in v o lv e s  
d e c r e a s i n g  an a p p l i e d  a l t e r n a t i n g  f i e l d ,  from a s p e c i f i e d  peak f i e l d  back 
to  z e ro ,  w h i l s t  tumbling  the  specimen in  a 2 or  3 a x i s  tumble r  o r  p l a c in g  
the  specimen in  a s t a t i c  p o s i t i o n .  The a p p a ra tu s  used was one m od i f ied  
a f t e r  Evans (1 9 6 9 ) ,  in v o l v in g  a 2 - a x i s  tum ble r  w i th i n  a l a r g e  c o i l  capab le  
of  r e a c h in g  peak f i e l d s  o f  210mT. D.C. f i e l d  c a n c e l l a t i o n  a t  the  specimen 
p o s i t i o n  w i th i n  the  A.F.  d e m a g n e t i z a t i o n  in s t ru m e n t  was kep t  to  w i t h i n  +10 
gammas. The p r i n c i p l e  behind  A.F. d e m a g n e t i z a t i o n  i s  t h a t  the  
m a g n e t i z a t i o n  c a r r i e d  w i th i n  domains w i th  c o e r c i v i t i e s  o f  remanance l e s s  
than  the  s p e c i f i e d  A.F. f i e l d  a re  randomised ,  l e a v i n g  a r e s u l t a n t  d i r e c t i o n  
of  m a g n e t i z a t i o n  r e p r e s e n t i n g  a h ig h e r  c o e r c i v e  fo r c e  component.
Chemical l e a c h in g  te c h n iq u e s  were f i r s t  a t t em p ted  by C o l l in s o n  (1965) 
to d i s s o l v e  the  red  s t a i n i n g  common in  many t e r r e s t r i a l  sed im en ta ry  ro c k s .  
The t e ch n iq u e  in v o lv e s  p r e f e r e n t i a l  removal  of  th e  red  s t a i n i n g  by soak ing  
the specimen in  a d i l u t e  s o l u t i o n  o f  HC1. The red  s t a i n i n g  i s  commonly a 
secondary  f e a t u r e  a s s o c i a t e d  wi th  some e r o s i o n a l  e p i s o d e ,  and by removing 
i t ,  i t s  a s s o c i a t e d  secondary  m agne t ic  component can be measured as w el l  as 
the remain ing  r e s u l t a n t  p r im ary  component .  Thermal d e m a g n e t i z a t i o n  i s  
u n s u c c e s s f u l  on such rocks  as the  red  s t a i n i n g  has  a much g r e a t e r  magnetic
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stability than the primary detrital remanence host mineral (Park, 1970). 
Two chemical leaching techniques were available for this study. The first 
involved partially slicing the specimens (to allow more rapid acid 
penetration) and then placing them in acid baths of 6N HC1 for increasing 
periods of time. After an alloted time the specimen was rinsed in fresh 
water and its magnetization measured. Towards the end of this procedure 
the HC1 concentration can be increased to 12N. The acid bath was contained 
within Helmholtz coils, the same as those used for thermal demagnetization. 
After leaching the specimens could then be thermally demagnetized if 
necessary.
The second technique involved forcing cold HC1 through the specimen 
under high pressure. Once the required volume had passed through, the 
specimen was flushed with water and dried by passing gas through the 
specimen, then it was measured. The actual apparatus used is described by 
Burek (1971).
Chemical leaching was unsuccessful in most of the cases attempted as 
both porosity and permeability of the specimens which contained the red 
staining or colouring were very low. This prevented the acid from soaking 
into the specimens even when very high pressures were used.
The specimens were always transferred from one instrument to the 
magnetometer using mu-metal shields, in which the D.C. magnetic field 
cancellation was about ±50 gammas. Both the cryogenic and the DIGICO 
magnetometers were inside special Helmholtz coil sets which cancelled the 
ambient magnetic field at the specimen handling region to within ±100-250 
gammas. After measuring, the data were transferred to a UNIVAC 1100/42 
dual processor, 576K words main storage computer, where the data were 
reformated, then field and bedding corrections applied, graphical 
representation of the data produced, pole calculations, and Gondwana 
reconstructions plotted. The main programs used for this data analysis 
were supplied by Dr. C.T. Klootwijk, a world reconstruction program 
written by Dr. W.J. Morgan (1976), and the least squares data analysis 
program by J.L. Kirschvink (in press). Other programs required for the 
data analysis, and modifications to the existing programs, were done by the 
author for this study.
1.5 STATISTICAL ANALYSIS AND FIELD TESTS
Statistical analyses of a set of averaged demagnetized results is a 
well established technique and follows the method of Fisher (1953). 
Kirschvink (in press) has adopted a more versatile statistical analytical 
procedure (Bingham, 1964; 1974) in least squares line and plane method of
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analysis of palaeomagnetic data. Both statistical distributions were used 
in this study, the Bingham statistics as part of the analysis programs and 
the Fisher statistics for the final presentation. A number of alternative 
methods for data analysis (Hoffman & Day, 1978; Halls, 1976; 1978) were
available, some of which were used directly and others indirectly (e.g. the 
Hoffman & Day method was used via the least squares program). For 
statistical methods refer to McElhinny (1973, p.77-83).
Of the field tests available (McElhinny, 1973, p.84-89) the fold test 
(Graham, 1949) is extensively used and reference is made to it in Chapters 
2, 3 and 4. The fold test determines whether or not a particular component 
of magnetization was acquired before or after folding of the rock sequence.
A positive (negative) fold test indicates the component under consideration 
is pre- (post-) folding. It is, therefore, important to know precisely 
when the folding occurred. McElhinny (1964) has applied statistical 
significance to the fold test by comparing the precision (k) of the mean 
bedding corrected direction with the mean field corrected direction. The 
variance ratio for N directions may be compared with F-ratio tables to 
determine whether a change in precision is statistically significant at a 
given level of probability (McElhinny, 1964).
1.6 TERMINOLOGY
All units used throughout the text are cgs or S.I. Temperatures for 
thermal demagnetization are in degrees Celcius (°C); magnetic field 
strength for Alternating Field (A.F.); demagnetization in milli tesla 
(mT), where 10 oersted corresponds to lmT. The Oersted unit is used when 
referring to geomagnetic field measurements (1 gamma = 10”5 oersted or 1Ö”5 
gauss or InT or 10”9 Tesla) . Intensity of magnetization is measured in 
milliampere per metre where ImA/m = 10 emu.cm J . Caution must be taken 
in using the cgs and S.I. units as confusion has arisen over the use of 
the term 'magnetic field'. A magnetic flux density (B, gauss) and the 
magnetic field (H, oersted) are different. See Barton (1978, p.xiii-xiv) 
for a full explanation of the differences and their meanings.
The sampling scheme used throughout this work was comprised of several 
hierarchical levels. The largest is referred to as an 'Area', and 
indicates a geographically distinct region. Within each 'Area' many 
traverses were undertaken across strike and structure, involving collection 
of samples from each suitable outcrop along the traverse. The traverse may 
consist of several 'sites'. The term 'sample' is used to mean either a 
hand sample or one or more drill cores. From these 'samples', 'specimens' 
were drilled and/or sliced. A 'specimen' is the single cylinder of rock
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used in measuring. Where used, the number of specimens is referred to as 
n, and the number of samples as N. For example, one sample (N=l) might 
have x specimens (n=x). For this study a total of 384 samples, which 
yielded 1463 specimens were collected, and some 20,000 individual 
measurements were carried out.
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CHAPTER 2
ORDOVICIAN PALAEOMAGNETISM 
2.1 REGIONAL GEOLOGY
There are two distinct lithological associations within the Ordovician 
rocks of the Lachlan Fold Belt (Packham, 1969): (1) a wide-spread 
quartz-rich greywacke, grey slate and black graphite-bearing slate 
association, and (2) a more restricted association characterized by 
andesitic volcanics. In both the Cowra Trough and Molong High these two 
associations occur as (a) a basal Lower-Middle Ordovician andesitic 
volcanic sequence (association 2), overlain by (b) a clastic Middle-Upper 
Ordovician 1imestone-siltstone-shale sequence (association 1) which is in 
turn overlain by (c) a second andesitic sequence (association 2). 
Stratigraphic correlation between Ordovician formations of the Cowra Trough 
and those of the Molong High is shown in Table 2.1.
The basal Lower-Middle Ordovician andesitic unit of the Molong High 
((a) above) is represented by the Walli Andesite (Smith, 1966) and its 
equivalents: the Mount Pleasant Andesite (Smith, 1966), the Cargo Andesite 
(Stevens, 1950; 1957; Ryall, 1966) and the Fairbridge Volcanics (Adrian, 
1971). The first three are dominantly andesites, with minor basalts, 
spilites, tuffs and breccias. All are pre-Darriwilian in age. Both the 
Walli Andesite and the Mount Pleasant Andesite were sampled.
The Middle-Upper Ordovician clastic unit ((b) above) contains 
limestones and shales including the Cliefden Caves Limestone (Stevens, 
1952a; 1957), the Regans Creek Limestone (Stevens, 1957; McLean, 1974), the 
Cargo Creek Limestone (Stevens, 1957), the Canomodine Limestone (Ryall, 
1966), the Bowan Park Limestone (Stevens, 1957) and the Reidy Creek 
Limestone (Ross, 1961). In general, the limestones are massive, poorly 
bedded and contain some basal shaly units. The limestones are conformable 
with, or have slight angular unconformity to, the underlying andesite unit. 
Thick shaly formations overlie the limestones including the Malongulli 
Formation (Stevens, 1952a; 1957; Smith, 1966) and the Rockdale Formation 
(Ryall, 1966).
Within this association the Canomodine Limestone, Cliefden Caves 
Limestone, Rockdale Formation and Malongulli Formation were sampled.
The Late Ordovician renewed andesitic volcanism ((c) above) 
conformably overlies the shaly Formations mentioned above. The Angullong 
Tuff (Stevens, 1952a; 1954; 1957; Smith, 1966), the Millambri Formation
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( R y a l l ,  1966) ,  t h e  M a lach is  H i l l  F o rm a t ion  ( S t e v e n s ,  1957) ,  t h e  Oakdale 
Group ( S t r u s z ,  1960; Van Dyke & B y r n e s , 1 9 7 6 ) ,  t h e  S o f a l a  V o lc a n ic s  
(Packham, 1968) ,  t h e  Rockley  V o l c a n i c s  ( S t a n t o n ,  1956) ,  and the  Kenyu 
Form a t ion  ( S t e v e n s ,  1955) a l l  r e p r e s e n t  t h i s  w id e s p re a d  La te  O r d o v i c i a n  
v o l c a n i c  a c t i v i t y  and con tem poraneous  s e d i m e n t a t i o n .  Of t h e  above ,  the  
Angu llong  T u f f ,  M i l l a m b r i  F o rm a t ion  and Oakdale  Group were sampled .
Th is  t h r e e  s t a g e  O r d o v i c i a n  h i s t o r y  has  been  i n t e r p r e t e d  (Packham, 
1969; S c h e i b n e r ,  1973; 1976) as i n d i c a t i v e  o f  t h e  deve lopm ent  o f  a v o l c a n i c  
a r c  (now th e  Molong High) on th e  e a s t e r n  edge o f  t h e  Parkes  P l a t f o r m  d u r i n g  
the  l a t e  E a r l y  O r d o v i c i a n  w i th  a s s o c i a t e d  o r o g e n i c  i s l a n d  a r c  a n d e s i t i c  
v o l c a n i s m  (now r e p r e s e n t e d  by t h e  Lower O r d o v i c i a n  a n d e s i t i c  u n i t s ) . With 
t ime  th e  i s l a n d  a r c  p ro g ra d e d  e a s t w a r d s .  During t h i s  q u i e t e r  t i m e ,  t h e  
M iddle-Upper  O r d o v i c i a n  l i m e s t o n e  and s h a l e  f o r m a t i o n s  were d e p o s i t e d .  
During th e  La te  O r d o v i c i a n ,  s p l i t t i n g  o f  t h e  e a s t e r n  p a r t  o f  t h e  Molong 
High from th e  now s t a b l e  a c c r e t e d  c r a t o n  o f  t h e  w e s t e r n  h a l f  o f  t h e  Molong 
High and the  P a rk es  P l a t f r o m  r e s u l t e d  i n  t h e  deve lo pm en t  o f  a m a r g i n a l  s e a ,  
which was l a t e r  to  become t h e  Cowra Trough ( S c h e i b n e r ,  1973) .  I n c r e a s e d  
s u b d u c t i o n  o f  t h e  r e g i o n  i n  t h e  N o r t h e r n  segment  o f  t h e  Molong High 
r e s u l t e d  in  t h e  e x t r u s i o n  o f  e x t e n s i v e  v o l c a n i c s  d u r i n g  a p e r i o d  o f  r a p i d  
s e d i m e n t a t i o n .
With t h i s  t e c t o n i c  b a c k g ro u n d ,  we can  now i n t e r p r e t  t h e  p a l a e o m a g n e t i c  
r e s u l t s  from the  i n d i v i d u a l  O r d o v i c i a n  f o r m a t i o n s ,  b e a r i n g  in  mind the  
g e o l o g i c a l  e v id e n c e  f o r  smal l  s c a l e  r o t a t i o n s  be tw een  th e  Cowra Trough and 
Molong High and be tw een  t h e s e  f o l d  b e l t s  and the  s t a b l e  c e n t r a l  A u s t r a l i a n  
c r a t o n  ( S c h e i b n e r ,  1976; pp 1 7 8 - 1 8 0 ) .  Thin s e c t i o n s  from a l l  the  
f o r m a t i o n s  were b r i e f l y  s t u d i e d  to  d e t e r m i n e  th e  m i n e r a l o g y ,  d e g r e e  o f  
w e a t h e r i n g ,  and metamorph ic  g r a d e .
2 .2  WALLI ANDESITE
2 . 2 . 1  M ine ra logy
The W a l l i  A n d e s i t e  c o n s i s t s  p r e d o m i n a n t l y  o f  p o r p h y r i t i c  a n d e s i t e s  and 
f i n e  g r a i n e d  b a s a l t s  w i th  a s s o c i a t e d  v o l c a n i c  b r e c c i a s  and t u f f s  ( S m i th ,  
1966; Bowman e t  a l . ,  1976) .  The a n d e s i t e s  c o n s i s t  o f  l a r g e  a l b i t e  w i th  
minor  h o r n b le n d e  or  a u g i t e  p h e n o c r y s t s  in  a groundmass o f  e i t h e r  a l b i t e  
m i c r o l a t h s  and i n t e r s t i t i a l  c h l o r i t e ,  e p i d o t e ,  g r a n u l a r  opaques and sphene 
( t r a c h y t i c  groundmass)  or  a mass  o f  a l b i t e  l a t h s ,  c h l o r i t e ,  e p i d o t e ,  
opaques and sphene  ( S m i t h ,  1966; t h i s  s t u d y ) .  The b a s a l t s  a r e  f i n e  
g r a i n e d ,  h y p o c r y s t a l l i n e  w i th  some p h e n o c r y s t i c  c l u s t e r s  o f  a l b i t e ,  a u g i t e  
and r e l i c  p y r o x e n e ,  and o l i v i n e .  The r e l i c  py roxene s  and o l i v i n e  have been 
r e p l a c e d  by q u a r t z ,  a l b i t e ,  c h l o r i t e ,  p r e h n i t e ,  e p i d o t e ,  c a r b o n a t e  and
23
p u m p e l l y i t e  ( S m i t h ,  1966) .  This  m i n e r a l  a s sem b lage  i n d i c a t e s  a 
p r e h n i t e - p u m p e l l y i t e - m e t a g r e y w a c k e  g r a d e  o f  metamorphism.  This  i s  
c h a r a c t e r i s t i c  o f  Zone 3 o f  t h e  b u r i a l  metamorph ic  c l a s s i f i c a t i o n  scheme 
f o r  s o u th  e a s t  A u s t r a l i a  ( S m i t h ,  1969) .
S t r u c t u r a l l y ,  t h e  W a l l i  A n d e s i t e  i s  a m a s s i v e  u n i t ,  w i th  t o t a l  
e s t i m a t e d  t h i c k n e s s  o f  a t  l e a s t  1100 m e t r e s  ( S m i t h ,  1966) and up to  9000 
m e t r e s  (Bowman e t  a l . ,  1976) .  Bowman e t  a l . (1976)  have g i v e n  Group s t a t u s  
to  t h e  W a l l i  A n d e s i t e ,  and s u b d i v i d e d  i t  i n t o  two F o r m a t io n s :  a b a s a l  t u f f
u n i t ,  t h e  R o the ry  T u f f  (6000 m e t r e s  t h i c k )  and an o v e r l y i n g  a n d e s i t i c  l a v a  
u n i t ,  t h e  Nayeau Hal low A n d e s i t e  (maximum t h i c k n e s s  o f  3000 m e t r e s ) .  In 
t h e  a r e a  sampled ( F i g u r e  2 .1 )  t h e  W a l l i  A n d e s i t e  d i p s  to  t h e  n o r t h  e a s t  on 
th e  e a s t e r n  l imb o f  t h e  n o r th w a r d s  p l u n g in g  Davy 's  Creek A n t i c l i n e  
( S t e v e n s ,  1934) .  Most o f  t h e  w e s t e r n  l imb has been  removed by f a u l t i n g .  
In t h e  sample  a r e a  t h e  W a l l i  A n d e s i t e  i s  uncon fo rm ab ly  o v e r l a i n  by t h e  
C l e i f d e n  Caves L im e s to n e ,  and e l s e w h e r e  i s  o v e r l a i n  by th e  s l a t e s  and 
g reyw ackes  o f  the  Abercrombie  Beds (Bowman e t  a l . ,  1976) .  I t  i s  
P r e - D a r r i w i l i a n  i n  a g e .
2 . 2 . 2  P a l a e o m a g n e t i c  R e s u l t s
T w e n t y - s i x  samples  which y i e l d e d  e i g h t y - s e v e n  spec im ens  were o b t a i n e d  
from t h e  upperm ost  1000 m e t r e s  o f  t h e  Nayeau Hollow A n d e s i t e  u n i t  o f  t h e  
W a l l i  A n d e s i t e  ( F i g u r e  2 .1 )  a t  an a v e ra g e  l o c a t i o n  33 .38°S  and 148 .55°E .  
Samples  were r e s t r i c t e d  to  c r e e k ,  and p a t c h y  h i l l s i d e ,  o u t c r o p .
Each o f  the  t h r e e  main l i t h o l o g i e s  were sampled ,  w i th  the  more 
r e s i s t a n t  a n d e s i t e  l a v a s  forming th e  b u l k  o f  t h e  c o l l e c t i o n .  S c a r c i t y  o f  
o u t c r o p ,  l i m i t e d  a c c e s s  e l s e w h e r e ,  and absenc e  o f  o u t c r o p  o f  t h e  w e s t e r n  
l im b p r e v e n t e d  c o l l e c t i o n  o f  samples  w i th  a d i f f e r e n t  t e c t o n i c  d i p .  Thus ,  
a p p l i c a t i o n  o f  Graham's  (1949)  f o ld  t e s t  to  d e t e r m i n e  th e  age o f  
m a g n e t i z a t i o n  was n o t  p o s s i b l e .  Bedding o bse rve d  in  t h e  b r e c c i a s  and t u f f s  
and n e a r  the  upper  most  c o n t a c t  gave t h e  g e n e r a l  t e c t o n i c  d i p ,  though  
u n o b s e rv e d  s t r u c t u r a l  c o m p l e x i t i e s  co u ld  be p r e s e n t .
The spec imens  were s u b d i v i d e d  i n t o  two sample g r o u p s ,  one fo r  A.F.  
c l e a n i n g  and one fo r  t h e r m a l  d e m a g n e t i z a t i o n .  Al l  spec im ens  were c a r e f u l l y  
s t e p w i s e  c l e a n e d ,  a s  ea ch  spec im en  behaved d i f f e r e n t l y .  The 
d e m a g n e t i z a t i o n  l i m i t s  were 180mT f o r  A.F.  and 675°C f o r  t h e r m a l  
d e m a g n e t i z a t i o n .  P a l a e o m a g n e t i c  r e s u l t s  f o r  t h e  W a l l i  A n d e s t i e  a r e  
summarized in  Tab le  2 . 2 .
Two components  were p o s i t i v e l y  i d e n t i f i e d ,  a r e c e n t  f i e l d  component  
and a p o s s i b l e  p r im a ry  component .  In most  c a s e s  the  r e c e n t  f i e l d  component  
was removed in  t h e  0° -200°C h e a t i n g  s t e p s ,  though  in  some spec im ens  i t  
p e r s i s t e d  to  350°C. For A.F.  d e m a g n e t i z a t i o n  180mT was enough to  remove
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148° 55'
33° 35'
AREA 2
33° 35'
DEVONIAN SEDIMENTS 
CUDAL GROUP 
ANGULLONG TUFF 
MAIONGULLI FORMATION 
CLIEFDEN CAVES LIMESTONE 
WALLI ANDESITE 
LAVAS AND TUFFS 
LIMESTONE LENSES
33° 38'
148° 50' • 148° 55'
149° 03'149° 00'
DIORITE
ANGULLONG TUFF 
MALONGULLI FORMATION 
MOUNT PLEASANT ANDESITE 
KENYU FORMATION
MANDURAMA |
TO CANOWINDRA
149° 03'
149° 00'
Figure 2.1 The sample localities within Area 2 (Mandurama Region) are 
indicated as solid circles. Samples were collected along
traverses across the Davis Creek Anticline to allow extensive 
sampling of the complete Ordovician sequence in the area.
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any recent field component. This recent low blocking temperature component 
has a mean direction of D = 351.9° and I = -55.6° with Fisher (1953) 
statistics A95 = 8.2° and k = 31.2. It is not significantly different from 
the earth's present field direction at the sampling locality, and so it is 
presumed to be a recently acquired VRM.
Two other components were also tentatively identified. They occur 
together as a high blocking temperature component in the range 300°C to 
500°C. Both plot in the same region, and could be primary, as both 
clusters consist of characteristic directions that improve with bedding 
correction. Their details are listed in Table 2.2. This compound result 
is discussed later in this chapter.
All specimens behaved complexly, and many specimens produced no 
interpretable result. Characteristic directions (as defined by Zijderveld, 
1967) from high blocking temperature ranges which are thought to represent 
a primary direction are illustrated using orthogonal plots (Figure 2.2). 
These show a range in behaviour from (1) a very stable primary component 
with a weak present field component (Figure 2.2A); (2) a high blocking 
temperature component with a non-persistant recent field component (Figure 
2.2B); (3) a non definite separation of the primary direction and the 
recent field direction (Figure 2.2C); to (4) an almost totally overprinted 
specimen (Figure 2.2D).
After spurious results and the recent field direction were removed 
from final beddding corrected cleaned specimens, a belt of scattered 
directions remained. Within this belt two strong clusters are evident, 
both similar in direction but one has a reversed polarity with respect to 
the other. This scatter could indicate either (1) failure to completely 
separate components with overlapping blocking temperature spectra so 
producing a resultant magnetization direction somewhere between the two, or 
(2) a structurally more complex folded sequence than was observed in the 
field. If this latter option is correct then the validity of the two poles 
is doubtful as the clusters would then be coincidental, dependent only on 
sampling and outcrop. The direction shown would only be a reliable 
magnetic direction but requiring a correct structural correction.
2.3 MOUNT PLEASANT ANDESITE 
2.3.1 Mineralogy
The Mount Pleasant Andesite (33.63°S, 149.04°E) consists of 
porphyritic andesites and basalts with thin interbeds of volcanic labile 
arenite and siltstone. The formation is up to 500 metres thick. It is 
considered an equivalent of the Walli Andesite (Smith, 1966; Fitzpatrick,
27
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1964 ) ,  and i s  o v e r l a i n  by th e  D a r r i w i l i a n  M a l o n g u l l i  F o r m a t io n .  The. 
p o r p h y r i t i c  b a s a l t s  have a l b i t e  and r e p l a c e d  a u g i t e  p h e n o c r y s t s  i n  a 
groundmass o f  a l b i t e  l a t h s ,  i n t e r s t i t i a l  c h l o r i t e ,  e p i d o t e ,  sphene and 
o p a q u e s .  The a u g i t e s  have been  r e p l a c e d  by h o r n b l e n d e .  The a n d e s i t e s  
c o n s i s t  o f  a l b i t e  and h o r n b le n d e  p h e n o c r y s t s  i n  a f e l s i c  g roundm ass .  The 
Mount P l e a s a n t  A n d e s i t e  shows a l t e r a t i o n  s i m i l a r  to  t h a t  o b s e rv e d  in  t h e  
W a l l i  A n d e s i t e  and t h e r e f o r e ,  i t  i s  t h o u g h t  to  have s i m i l a r l y  unde rgone  
p r e h n i t e - p u m p e l l y i t e - m e t a g r e y w a c k e  metamorphism.  Smith (1966)  s u g g e s t s  
t h a t  some o f  t h e  l a v a s  may have  been  s i l l - l i k e  b o d i e s  i n t r u d e d  i n t o  
s e m i - c o n s o l i d a t e d  m a r in e  s e d i m e n t s .  Th is  was n e i t h e r  proved nor  d i s p r o v e d  
d u r i n g  th e  b r i e f  r e c o n n a i s a n c e  u n d e r t a k e n  d u r i n g  s a m p l in g .  I f  i t  was shown 
to  be c o r r e c t ,  i t  would have a marked e f f e c t  on th e  r e g i o n a l  m a g n e t i c  
d i r e c t i o n  and any p o s s i b l e  r e s e t t i n g  o f  t h e  m a g n e t i z a t i o n .
2 . 3 . 2  P a l a e o m a g n e t i c  R e s u l t s
Tw en ty - seven  samples  y e i l d i n g  f o r t y - f o u r  spec imens  were c o l l e c t e d  
a lo n g  a t r a v e r s e  n o r th w a r d s  from Mount P l e a s a n t .  Sample s i t e s  a r e  shown in  
F i g u r e  2 . 1 .  A f t e r  c a r e f u l l y  s t e p w i s e  c l e a n i n g  each  o f  t h e  spec imens  to  
e i t h e r  a maximum th e r m a l  d e m a g n e t i z a t i o n  o f  675°C o r  A.F.  o f  180mT, f i v e  
m a g n e t i c  components  were i d e n t i f i e d .  These were (1 )  a p r e - f o l d i n g  E a r l y  
O r d o v i c i a n  p r im a ry  component  ; (2)  a S i l u r i a n  o v e r p r i n t ;  (3 )  a Devonian 
o v e r p r i n t ;  (4 )  a component  which p l o t t e d  in  the  g e n e r a l  Mesozoic  r e g i o n ;  
and (4 )  a r e c e n t  f i e l d  component .  These r e s u l t s  a r e  l i s t e d  i n  T a b le  2 . 2 .
The b u l k  o f  the  specimens  were a n d e s i t e s ,  w i th  s e v e r a l  samples  o f  
v o l c a n i c  l a b i l e  a r e n i t e s  and p o r p h y r i t i c  b a s a l t s  n e a r  t h e  t o p  o f  t h e  
f o r m a t i o n .  S e l e c t e d  o r t h o g o n a l  p r o j e c t i o n  d e m a g n e t i z a t i o n  d i ag ra m s  ( F i g u r e  
2 .3 )  i l l u s t r a t e  t h e  v a r i a b i l i t y  o f  t h e  s p e c i m e n s .  I t  i s  n o t  uncommon to  
f i n d  a specimen  t o t a l l y  r e m a g n e t i z e d ,  n o t  o n l y  w i t h i n  t h e  m u l t id o m a in  r a n g e  
b u t  a p p a r e n t l y  a l s o  in  the  s i n g l e  domain r a n g e .  Thi s  i s  shown in  F i g u r e  
2.3C,  D and E, where t h e  o v e r p r i n t e d  S i l u r i a n ,  Devonian and Mesozoic 
d i r e c t i o n s ,  r e s p e c t i v e l y ,  a r e  s t a b l e  up to  v e r y  h i g h  b l o c k i n g  t e m p e r a t u r e s .  
A f t e r  removal  o f  the  r e c e n t  f i e l d  d i r e c t i o n ,  and r e j e c t i n g  s p u r i o u s  
s p e c i m e n s ,  t h e  r e m a in i n g  d i r e c t i o n s  c l u s t e r e d  on be dd ing  c o r r e c t i o n .
P o s i t i v e  i d e n t i f i c a t i o n  o f  t h e  p r im a ry  component  u s i n g  Graham's  f o l d  
t e s t  method was n o t  p o s s i b l e ,  however ,  t h e  c o r r e s p o n d e n c e  o f  t h e  f i e l d  
c o r r e c t e d  o v e r p r i n t  d i r e c t i o n s  w i th  p o s i t i v e l y  i d e n t i f i e d  p r im a ry  
d i r e c t i o n s  from younger  f o r m a t i o n s  s u g g g e s t s  t h e  f i e l d  c o r r e c t e d  d i r e c t i o n s  
f o r  the  Mount P l e a s a n t  A n d e s i t e  a r e  c o r r e c t .  T h e r e f o r e ,  t h e  c o r r e s p o n d i n g  
be dd ing  c o r r e c t e d  d i r e c t i o n s  sho u ld  a t  l e a s t  g i v e  a d i r e c t i o n  a s s o c i a t e d  
w i th  f o l d i n g  or  pe rha ps  even  a p r im a ry  d i r e c t i o n .
I f  t h e  s t r u c t u r e  i s  as Smith (1966)  s u g g e s t s ,  t h a t  i s  the  a n d e s i t e  was
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partially intruded into the unconsolidated sediments, then the 
palaeomagnetic directions obtained from samples collected along a traverse 
should give random results reflecting the haphazard orientations associated 
with soft sediment deformation. This is not the case. Although there are 
clusters of directions, each cluster contains directions from specimens 
throughout the traverse, and not from isolated localities.
2.4 CLIEFDEN CAVES LIMESTONE
2.4.1 Mineralogy
The Cliefden Caves Limestone conformably overlies the Walli Andesite 
and conformably underlies the Malongulli Formation near Cliefden Caves. It 
is absent from the sequence at Mount Pleasant, and unconformably overlies 
the Walli Andesite near Licking Hole Creek (Percival, 1976). It is 650 
metres thick at Cliefden Caves. The Cliefden Caves Limestone consists of a 
basal, thinnly bedded, fossiliferous unit of limestones and lime mudstones, 
an overlying light grey massive limestone and an upper massive, 
fossiliferous, brown to light grey limestone (Percival, 1976). It is 
Gisbornian to Eastonian in age (Percival, 1976; Moors, 1970). The 
structure is simple on both limbs of the Davis Creek Anticline, with small 
scale faulting disrupting the limestone to the north. Samples were 
restricted to the eastern limb of the Anticline (Figure 2.1).
2.4.2 Palaeomagnetic Results
Twenty-six samples from two different areas yielded seventy-three 
specimens. Thirty-four of these were from the structurally well defined 
basal bedded unit, and the remaining from the massive middle unit in which 
well defined dip directions were less common. Together, these two areas 
had enough variation in dip for a fold test to be used. A positive 
pre-folding direction, and two secondary overprint directions were 
identified. One of the secondary directions was a strong recent field 
direction, the other a Devonian overprint. These results are shown in 
Table 2.2.
Intensities of magnetization for the bedded limestone/mudstone unit 
were in the order of l-2mA/m dependent on the clay content. For the 
massive limestone they varied, though in general were in the order of 
0.1-lmA/m. Total intensities commonly decreased below the sensitivity of 
the cryogenic (0.005mA/m) at about the 500°C thermal demagnetization step.
In some specimens, the secondary Devonian direction had a higher 
coercivities of remanence than the suggested primary direction. This is 
illustrated in Figure 2.4C, where the suggested primary direction was 
isolated between 235°C and 375°C, and the Devonian overprint direction
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ACCB10.1SCALING: .143441*10-6 Gauss/5mmAaxis:a-a « laxis:i- l
f 0 100 * 200 235 270'305 340 375400 435 470 505 540 570 600
ACCA38.2SCALING: .127714*10-6 Gauss/5mm Xaxis:X-X * Yaxis:Y-Z 
0 100 200 235 270 305 340 375 
400 435 470 505 540 570
ACCA33.3
SCALING: .066898*10-6 Gauss/5mm Xaxis:X-X * Yaxis:Y-Z 0 100 200 235 270 305 340 375 400 435 470 505 540 570 600 635
ACCA37.2
SCALING: .025749*10-6 Gauss/5mm Xaxis:X-X * Yaxis:Y-Z 
0 100 200 250 300 350 
400 450 500 550
ACCB07.3SCALING: .105023*10-6 Gauss/5mm Xaxis:X-X * Yaxis:Y-Z
0 100 200 235 270 305 340 375 400 435 470 505 540 570 600 635 675
Figure 2.4 Zijderveld diagrams of selected specimens from the Cliefden 
Caves Limestone which illustrate the nature of the various 
components. A: 300°-400° Devonian; 400°-550° primary. B:
100°-270° Mesozoic. C: 0°-200° recent field; 235°-375° primary; 
435°-470° Devonian. D: 0°-200° recent field; 200°-505° primary. 
E: 0°-200° recent field; 375°-635° primary.
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between 435°C and 470°C. We know the primary direction is correct as it is 
also stable in other specimens (Figure 2.4A), has a positive fold test and 
the Recent Field direction has a negative fold test. The single domain 
grains are hence thought to contain the high blocking temperature overprint 
as some sort of secondary overgrowth which is either diagenic or a 
weathering effect, or perhaps it is contained in completely new, 
syntectonic or metamorphic grains. The large multidomain grains, although 
presumably overgrown, were still able to retain some initial remanence.
Several examples of the demagnetization behaviour, represented using 
Zijderveld's (1967) orthogonal plots are shown in Figure 2.4.
On bedding correction, the Fisher statistics, k and A95 (Table 2.2) 
for the grey masive limestone/mudstone improve, indicating the magnetic 
direction is pre-folding and therefore, pre-Early Silurian. The directions 
before bedding correction are close to the present field direction, however 
it is suggested that the direction obtained is primary and not a recent 
field direction because (1) In some specimens a low blocking temperature 
component, representing a recent field component, was removed by 200°C, 
leaving a component similar in direction but having a higher blocking 
temperature (Figure 2.4D-E). (2) The recent field direction from both 
areas result in a negative fold test on bedding correction, whereas the 
higher blocking temperature component produces a positive fold test, 
because of small variations in bedding in the different specimens of each 
group (3) This resultant direction is the same as that found in the 
overlying two formations, where even stronger fold tests are available.
2.5 MALONGULLI FORMATION 
2.5.1 Mineralogy
The majority of the specimens were collected through a profile 
stratigraphically above the Cliefden Caves Limestone profile (Figure 2.1A). 
Here the sediments dip to the north east. In addition, both sides of a 
minor flexure in the Formation, between Mandurama Ponds and Mandurama were 
sampled (Figure 2.IB). Dips vary from north to north west, with a general 
site latitude and longitude for the Malongulli Formation of 33.61°S, 
149.9°E.
The Malongulli Formation was originally subdivided into two distinct 
facies, a 'calcareous facies' and a 'siltstone-arenite facies' totalling up 
to some 1600 metres of sediment (Smith, 1966). The 'siltstone-arenite 
facies' in the Mandurama Ponds area constitutes "a distinct, older, 
Darriwilian-Gisbornian unit" (Webby, 1973), and therefore has since been 
excluded (Webby, 1973) from the Malongulli Formation as defined by Smith
(1966). This older unit is only found in the Mandurama Ponds area (Figure
33
2 . IB) and i s  a b s e n t  i n  t h e  s t r a t i g r a p h i c  s e c t i o n  sampled a t  C l i e f d e n  Caves .  
I t  i s  p r o b a b l y  a f a c i e s  e q u i v a l e n t  o f  the  C l i e f d e n  Caves Limes tone  as  found 
n e a r  C l i e f d e n  Caves and in  t h e  L ic k in g  Hole Creek d i s t r i c t s  ( S m i t h ,  1966; 
P e r c i v a l ,  1976 r e s p e c t i v e l y ) .  The two r e g i o n s  sampled i n  t h i s  a r e a  ( F i g u r e  
2 . IB) a r e  t h e r e f o r e ,  o l d e r  t h a n  t h e  a r e a  sampled a t  C l i e f d e n  Caves ( F i g u r e  
2 . 1 A ) .
The ' c a l c a r e o u s  f a c i e s '  i s  e s s e n t i a l l y  E a s t o n i a n  (Moors ,  1970) w i th  
t h e  upperm ost  u n i t s  e x t e n d i n g  i n t o  t h e  E a r l y  B o l i n d i a n  ( P e r c i v a l ,  1976; 
J e n k i n s ,  1977) .  M ar l s  and s i l t s t o n e s  make up two t h i r d s  o f  t h e  r o c k  t y p e s  
found in  the  M a l o n g u l l i  F o rm a t ion  and form t h e  b u l k  o f  t h e  c o l l e c t i o n .  The 
r e s t  o f  t h e  spec im ens  were e i t h e r  g reywackes  o r  a r e n i t e s ;  no l i m e s t o n e s  
were sampled .
2 . 5 . 2  P a l a e o m a g n e t i c  R e s u l t s
From t h r e e  t e c t o n i c a l l y  d i f f e r e n t  a r e a s  101 s p e c im e n s ,  from 
t w e n t y - e i g h t  samples  were m e a s u r e d .  A c o n c l u s i v e  p r im a ry  d i r e c t i o n ,  b a sed  
on a v e r y  p o s i t i v e  f o l d  t e s t  was o b t a i n e d  a f t e r  t h e r m a l  c l e a n i n g  to  a 
t e m p e r a t u r e  o f  675°C ( T a b l e  2 . 2 ) .  No s e c o n d a r y  d i r e c t i o n s  were p o s i t i v e l y  
i d e n t i f i e d ,  though  a r e c e n t  f i e l d  d i r e c t i o n  was p r e s e n t  in  s e v e r a l  
s p e c i m e n s ,  b u t  s t a t i s t i c a l l y  n o t  enough f o r  a p o s i t i v e  i d e n t i f i c a t i o n .
As w e l l  as  t h e r m a l  d e m a g n e t i z a t i o n ,  c h e m ic a l  l e a c h i n g  t e c h n i q u e s  were 
u n d e r t a k e n  on t h e s e  m a r l s  and s i l t s t o n e s  which showed some d e g r e e  o f  r e d  
s t a i n i n g .  Th is  s t a i n i n g  was s e c o n d a r y  and fo l low e d  t h e  v a r i o u s  j o i n t  
p l a n e s  and f r a c t u r e s  w i t h i n  t h e  s p e c im e n s .  C o n s e q u e n t l y ,  i t  was hoped t h a t  
a c i d  l e a c h i n g  would f o l l o w  t h e s e  same c r a c k s  and so p r e f e r e n t i a l l y  remove 
t h i s  s e c o n d a r y  i r o n  p r e c i p i t a t i o n .  However,  i n  g e n e r a l ,  c he m ica l  c l e a n i n g  
was n o t  s u c c e s s f u l  f o r ,  a l t h o u g h  th e  a c id  d id  move t h ro u g h  the  o b s e rv e d  
f r a c t u r e s ,  i t  was n o t  a b s o rb e d  i n t o  the  s u r r o u n d i n g  w e a th e re d  zones as t h e  
r o c k s  had v e r y  low p o r o s i t y  and p e r m e a b i l i t y .  P r e s s u r i z e d  and immers ion  
t e c h n i q u e s  b o t h  y i e l d e d  t h i s  r e s u l t .
The r e s u l t a n t  d e m a g n e t i z a t i o n  d i r e c t i o n  a f t e r  l e a c h i n g  moved away from 
t h e  r e c e n t  f i e l d  d i r e c t i o n ,  i n d i c a t i n g  t h e  w e a t h e r i n g  e v e n t  r e s p o n s i b l e  
o c c u r r e d  a t  l e a s t  d u r i n g  th e  T e r t i a r y .  Other  r e m a g n e t i z a t i o n  e v e n t s  have 
p r e sum a b ly  o c c u r r e d  though  t h e y  were no t  i s o l a t e d .  The d i r e c t i o n  to  which 
th e  m a g n e t i c  v e c t o r  moved i s  s i m i l a r  to  the  s t a b l e  p r im a ry  d i r e c t i o n  
o b t a i n e d  w i th  t h e r m a l  c l e a n i n g .
O r thogona l  p r o j e c t i o n s  o f  t h e  d e m a g n e t i z a t i o n  o f  s e v e r a l  spec imens  a r e  
shown in  F i g u r e  2 . 5 .
The f i n a l  c l e a n e d  d i r e c t i o n  o f  m a g n e t i z a t i o n  was,  i n  many s p e c i m e n s ,  
s i m i l a r  in  d i r e c t i o n  to  a r e c e n t  f i e l d  d i r e c t i o n .  Using a rgum en ts  s i m i l a r  
to  t h o s e  p roposed  f o r  t h e  C l i e f d e n  Caves L imes tone  i t  i s  b e l i e v e d  t h a t  t h i s
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r e s u l t a n t  d i r e c t i o n  i s  n o t  a r e c e n t  f i e l d  d i r e c t i o n  b u t  a pr im ary  
d i r e c t i o n .
Specimens from the  e a s t e r n  a r e a s  (F ig u re  2 . IB) w i th  s t a b l e  
c h a r a c t e r i s t i c  d i r e c t i o n s ,  when bedding c o r r e c t e d ,  f a l l  in  the  same r e g io n  
as v e r y  s t a b l e  bedding  c o r r e c t e d  c h a r a c t e r i s t i c  d i r e c t i o n s  from samples 
which have  a d i r e c t i o n  c o - l i n e a r ,  b u t  which i s  s i g n i f i c a n t l y  d i f f e r e n t  from 
th e  r e c e n t  f i e l d  d i r e c t i o n  ( F ig u r e  2 . 6 ) .  These l a t t e r  m a g n e t i z a t i o n  
d i r e c t i o n s  a re  s t a b l e  in  d i r e c t i o n  to  above 578°C, t h e  Cur ie p o in t  o f  
m a g n e t i t e  (McElhinny,  1973).  S evera l  chosen  specimens were ta k e n  beyond 
680°C, t h e  Curie  p o i n t  o f  h a e m a t i t e  (McElhinny,  1973),  w i th  no marked 
v a r i a t i o n  in  the  r e s u l t a n t  d i r e c t i o n .
Chemical l e a c h in g  o f  h a e m a t i t e  s t a i n e d  specimens i n d i c a t e d  the  n a t u r a l  
remanence i s  c a r r i e d  by a red  p igment-form o f  h a e m a t i t e .  Dunlop (1970) has  
shown t h i s  v a r i e t y  o f  h a e m a t i t e  i s  m a g n e t i c a l l y  s o f t e r  than  the  l a r g e r  
g r a in e d  s p e c u l a r i t e  form. T h e re fo re ,  any r e c e n t  f i e l d  d i r e c t i o n  a s o c i a t e d  
w i th  the  h a e m a t i t e  pigment i s  though t  to  have been  s u c c e s s f u l l y  removed,  
l e a v i n g  a p r im ary  d i r e c t i o n  (Table  2 . 2 ) .
2.6 ANGULLONG TUFF
2 . 6 .1  Minera logy
The Angullong Tuff  c o n s i s t s  o f  a v a r i e t y  o f  c o a r s e  f ragm en ta l  r o c k s ,  
d o m inan t ly  v o l c a n i c  b r e c c i a s  c o n t a i n i n g  a n d e s i t i c  f r a g m e n ts .  Other r o c k  
ty p e s  i n c l u d e  a n d e s i t i c  l a v a s  and c o a r s e  p y r o c l a s t i c s , w i th  greywacke 
cong lom era te s  c o n t a i n i n g  l im e s to n e  f r ag m e n ts ,  s h a l e s ,  and s i l t s t o n e s  in  
r e s t r i c t e d  l o c a l i t i e s  (Smith ,  1966).
The Angullong Tuff  l i e s  conformably  on the  M a longu l l i  Format ion .  I t  
i s  o v e r l a i n  unconformably  by th e  lower members o f  th e  Panuara Format ion 
(Smith ,  1966; J e n k i n s ,  1977; Packham, 1969; S te v e n s ,  1952a; 1954; Sherwin,  
1971),  w i th  t h i s  boundary  t r a n s g r e s s i v e  a c r o s s  the  eroded top  o f  the  
Angullong Tuff  (S m ith ,  1966).  The Angullong Tuff  i s  Late  Caradoc ian  to 
La te  A s h g i l l i a n  ( J e n k i n s ,  1977).
Samples were t a k e n  from two a r e a s ,  c l o s e  t o g e t h e r ,  t h a t  completed a 
s t r a t i g r a p h i c  t r a v e r s e  th rough  the  O rdov ic ian  sequence which c rops  out  in  
the  Walli-Mandurama r e g i o n .  The g e n e r a l  s t r u c t u r e  o f  the  a r e a  i s  a 
sequence o f  n o r t h - e a s t  d ip p in g  b r e c c i a s .  Both a r e a s  have s i m i l a r  d ip s  
(F ig u re  2 . 1 ) .
2 . 6 . 2  Palaeomagne t ic  R esu l t s
T h i r ty - tw o  samples from two a r e a s ,  w i th  an average  l o c a t i o n  o f  33.6°S 
and 1 4 8 .9°E, were c o l l e c t e d .  From th e s e  s i x t y - t h r e e  specimens were 
d r i l l e d .  Both the rm al  and A.F. d e m a g n e t i z a t i o n  te c h n iq u e s  were used to
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isolate individual magnetic directions. Results are listed in Table 2.2. 
Two directions were identified after cleaning, a primary direction and a 
secondary Devonian direction. A low blocking temperature component similar 
to a recent field direction was also obtained, however, not from enough 
specimens to justify recording.
As the top of the Angullong Tuff is transgressed by the shallow water, 
marine Panuara Formation, there must have been a period of erosion and 
weathering after deposition of the Tuff. A Late Silurian overprint, 
corresponding to this period of erosion, was expected but not evident.
Orthogonal projection plots illustrating the relationship between the 
primary component and the Devonian overprint direction are shown in Figure 
2.7A-D. The small inclination, Devonian component was, in most cases, 
progressively removed up to 150mT or 300°C leaving a characteristic 
component directed towards the origin. Two cases are shown (Figure 2.7E,F) 
where this is not found. In Figure 2.7E a steep inclination component very 
similar in direction to the primary direction was removed before a shallow 
inclination Devonian component. This suggests either (1) that in this 
specimen the Devonian component resides in the highest blocking temperature 
conponents which are the small multidomain or single domain range; or (2) 
the directions are only coincidental, and represent the resultant of two or 
more magnetic components perhaps with similar or overlapping blocking 
temperature spectra being removed simultaneously. Figure 2.7F shows a 
primary component for 200°-400°C, offset from the origin by a hard magnetic 
characteristic direction. Overgrowth on single domain grains or 
overlapping blocking temperature sprectra may cause such behaviour.
After bedding correction, the characteristic directions cluster 
(Figure 2.8) indicating the direction identified is pre-folding.
2.7 OAKDALE GROUP 
2.7.1 Mineralogy
Originally called the Oakdale Formation (Strusz, 1960), these strata 
now have Group status (Van Dyke & Byrnes, 1976). The Ordovician strata of 
the Oakdale Group are subdivided into the Cypress Hill Volcanics and the 
Mona Vale Siltstone. The Silurian succession has been excluded from the 
Group and is now included in the Dripstone Group (Van Dyke & Byrnes, 1976). 
This includes three formations, the Wylinga Formation, the Warderie 
Volcanics, and the Catombal Park Formation (Van Dyke & Byrnes, 1976). The 
Oakdale Group crops out as the core of the Oakdale Anticline (Strusz, 1960; 
Figure 2.9) and as a fault bounded block to the west. Samples were 
collected from this western block (Figure 2.9).
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Figure 2.9 The position of the various sample localities within Area 3 
(Wellington Region) are indicated as solid circles. Samples were 
collected along a traverse across the Oakdale Anticline in places 
of well knowTi structure. Faulting in the west has removed the 
younger formations exposed in the east. The Ordovician unit 
sampled was the Oakdale Group.
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Intense deformation, and small scale faulting have severely disrupted 
the original bedding and as such re-orientation of the beds sampled was not 
possible. However, eighteen specimens were collected from a single site, 
latitude 32.7°S, longitude 148.9°E, where the bedding was constant to 
investigate post folding overprint.
The samples collected were volcanic arenites and tuffs, with 
keratophyres and spilites also present (Strusz, 1960; Van Dyke & Byrnes, 
1976) but not sampled.
2.7.2 Palaeomagnetic Results
Both thermal and A.F. methods of demagnetization were used on the 
specimens. Bedding corrected results did not plot in the same region as 
the Ordovician direction, indicating that there was at least two phases of 
folding. If there was only one phase, then unfolding the direction about 
its fold axis should produce an Ordovician direction. Only field corrected 
(i.e. post folding directions) were investigated. The only identifiable 
direction is a low blocking temperature recent field component, presumably 
a recently acquired V.R.M. (Figure 2.10A-D). These directions form a 
tight girdle, presumably defining the axis of the second phase of folding.
2.8 CANOMODINE LIMESTONE
2.8.1 Mineralogy
As already mentioned (Section 2.1) this is the other Middle-Upper 
Ordovician unit sampled for this study. It crops out as the core of the 
Cranky Rock Anticline (Figure 2.11), a local flexure of the Cowra Trough.
The Canomodine Limestone (Stevens, 1951; Ryall, 1966) is a massive, 
poorly bedded limestone up to 600 metres thick. Its faunal assemblage 
indicates the formation may be early Late Ordovician or even earlier 
(Ryall, 1966). Stevens (1951) found that the Canomodine Limestone is poor 
in faunal content compared with the other limestone bodies (mentioned in 
section 2.1) which outcrop in the Cowra Trough. This could mean (1) a 
difference in depositional environment which may have directly effected 
the mineralogy and therefore the remanent magnetism, or (2) the Canomodine 
Limestone has a different age both in space and time.
Bedding characteristics are poorly defined in the Canomodine 
Limestone. Ryall (1966) noted layering of siliceous nodules as 
representative of bedding. To avoid confusing this for tectonic bedding 
samples were taken from the uppermost few metres of the limestone, directly 
beneath the conformably overlying Rockdale Formation, where true bedding 
was obvious.
42
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Figure 2.10 Zijderveld diagrams of selected specimens from the Oakdale 
Group which illustrate the nature of the various components. A: 
120°-250° recent field. B: 50mT-200mT recent field; 350mT-700mT 
recent field. C: 200°-470° recent field. D: 200°-500° recent
field .
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F i g u r e  2 . 11  The v a r i o u s  s a mp l e  l o c a l i t i e s  w i t h i n  Area  1 ( Ca n o w i n d r a  
Reg i o n )  a r e  i n d i c a t e d  a s  s o l i d  c i r c l e s .  Sampl es  were  c o l l e c t e d  
a l o n g  t r a v e r s e s  on b o t h  s i d e s  o f  t h e  Cranky Rock A n t i c l i n e  and i n  
t h e  e a s t e r n  f a u l t  bounded  b l o c k .  The O r d o v i c i a n  u n i t  s ampl ed  was 
t h e  Canomodine L i m e s t o n e .
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Figure 2.12 Zijderveld diagrams of selected specimens from the 
Canomodine Limestone which illustrate the nature of the various 
components. A: 200°-500° recent field. B: 100°-375° Mesozoic ?. 
C: 200°-550° Devonian. D: 100°-350° Devonian.
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2.8.2 Palaeomagnetic Results
Three areas were sampled, one on the nose of the Cranky Rock 
Anticline, and one on each limb (Figure 2.11). Eight samples, which 
yielded forty-eight specimens, were carefully stepwise thermally 
demagnetized up to a maximum temperature of 700°C. Initial intensities 
were weak, in the order of 0.20.7mA/m with a few specimens as high as 
2mA/m. With progressive demagnetization these specimens quickly dropped in 
total intensity until, on average, most specimens were below, or in the 
order of the absolute sensitivity of the cryogenic (see Chapter 1). After 
heating susceptibility values were consistently very low, with values in 
the order 5-10. In comparison, the Cliefden Caves Limestone, an equivalent 
in space and time, had susceptibility values consistently higher (values up 
to 100). This feature may relate to the different environmental and 
depositional conditions of the two limestone formations, in particular to 
the greater clay content of the Cliefden Caves Limestone.
Although very weak, closely spaced thermal steps enabled resolution of 
three directions, a primary component was not present, as on bedding 
correction the cleaned characteristic directions did not improve. Field 
corrected, cleaned directions grouped in three areas, (1) a low blocking 
temperature component identified as a recent field component, (2) a shallow 
inclination overprint component identified as Devonian and (3) a poorly 
defined direction later identified as possibly Mesozoic in age. These 
directions are listed in Table 2.2.
Orthogonal projection representation of these three overprint 
directions are illustrated in Figure 2.12. Both normal and reversed 
directions were found in the Devonian overprint (Figure 2.12C-D).
2.9 ORDOVICIAN SUMMARY
2.9.1 Summary of palaeomagnetic results
Palaeomagnetic poles from the Ordovician formations of both the Cowra 
Trough and Molong High units of south east Australia are listed in Table 
2.3A. The five primary poles and the eleven secondary poles have been 
plotted in Figure 2.13. The primary poles taken by themselves form a 
logical sequence from the Middle-Late Ordovician Cliefden Caves Limestone 
to the Angullong Tuff. When the secondary poles are included, the "polar 
track" (Irving & Park, 1972) can be extended from the Ordovician through to 
recent times. The precise connection between the individual time periods 
now represented by secondary overprint directions is not yet clear, but in 
general terms may follow along the lines suggested in Figure 2.13. A more 
detailed discussion of this point is given in Chapter 5.
Apart from the angular discordance between the two Early Ordovician
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Figure 2.13 Summary of pole positions obtained from the Ordovician
units. Where a formation was sampled from several different 
localities, the pole obtained from each is shown as a solid 
circle. Additionally, the secondary components identified are 
shown (open circles) , though are not labelled for the recent 
field. Mnemonics are listed in Table 2.2. The Australian 
Ordovician pole positions (Table 2.3) are shown (solid hexagons) 
for comparison.
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p o le s  ( W a l l i  A n d es i te  and Mount P l e a s a n t  A ndes i te )  and the  r em a in ing  
M idd le -La te  O rd o v ic ia n  p o l e s ,  th e  p r im ary  p o l a r  gaps a re  v e ry  s m a l l .  The 
gap between th e  two E a r ly  O rdov ic ian  and the  rem ain ing  M idd le -L a te  
O rdov ic ian  p o le s  may r e p r e s e n t  th e  uncon fo rm i ty  which e x i s t s  between t h e s e  
age g r o u p s .  This  s u g g e s t s  the  uncon fo rm i ty  r e p r e s e n t s  a major  t ime b r e a k ,  
b u t ,  w i th  a sm al l  an g u la r  d i f f e r e n c e .
At t h i s  p o i n t  i t  shou ld  be r e c a l l e d  t h a t  the  p r e c i s e  s t r u c t u r a l  
o r i e n t a t i o n  o f  th e  W al l i  and Mount P l e a s a n t  A n d es i te s  i s  u n c e r t a i n  
( S e c t i o n s  2 .2  and 2 . 3 ) .  T h e r e f o r e ,  u n t i l  d e t a i l e d  p e t r o g r a p h i c  and 
s t r u c t u r a l  a n a l y s e s  o f  th e s e  two a r e a s  i s  u n d e r t a k e n ,  the  f i n a l  bedd ing  
c o r r e c t i o n  fo r  the  po le  p o s i t i o n  i s  in  d o u b t .
The absence  o f  any n o t i c a b l e  gaps from the  M iddle -La te  O rdov ic ian  
segment o f  t h e  p o l a r  t r a c k  i n d i c a t e s  (1 )  s e d im e n ta t i o n  and v o l c a n i c  
a c t i v i t y  d u r in g  the  35 m i l l i o n  y e a r s  r e q u i r e d  to  d e p o s i t  t h e  M idd le -La te  
O rdov ic ian  fo rm a t io n s  was co n t in u o u s  and r a p i d ,  and a l s o  (2)  the  A u s t r a l i a n  
land mass as i t  was the n  d id  no t  a p p r e c i a b l y  move g r e a t  l a t i t u d i n a l  
d i s t a n c e s  .
2 . 9 . 2  A u s t r a l i a n  O rdov ic ian  Poles
A l i s t  o f  a l l  the  A u s t r a l i a n  O rdov ic ian  p o le s  p u b l i s h e d  to  d a t e  i s  
g iv e n  in  Tab le 2.3B.  These a re  p l o t t e d  wi th  the  new O rdov ic ian  p o l e s  
( l i s t e d  in  Table 2.3A) i n  F igu re  2 .13 .  The a p p a re n t  p o l a r  wander pa th  as 
r e p o r t e d  by McElhinny & Embleton (1974) and Embleton e t  a l , (1974) i s  
superimposed on F igu re  2.13 f o r  r e f e r e n c e .  There a re  a n o t h e r  two proposed 
a p p a re n t  p o l a r  p a th s  fo r  A u s t r a l i a  (Schmidt  & M o r r i s ,  1977; Morel & I r v i n g ,  
1978),  however ,  f o r  the  O rdov ic ian  the  pa th  proposed by McElhinny & 
Embleton (1974) b e s t  f i t s  the  c u r r e n t  d a t a .  The m e r i t s  o f  the  t h r e e  p a th s  
i s  d i s c u s s e d  i n  d e t a i l  in  Chapter  5.
The two E a r l y  O rdov ic ian  p o l e s ,  WA and MPA p l o t  away from o t h e r  
A u s t r a l i a n  O rdov ic ian  po le  p o s i t i o n s .  There a re  s e v e r a l  p o s s i b l e  r e a s o n s  
fo r  t h i s ,  t h e  f i r s t  i s  t h a t  (1)  as th e  m agne t ic  d i r e c t i o n  o b ta in e d  i s  
b e l i e v e d  to  be pr im ary  ( S e c t i o n s  2.2  and 2 . 3 ) ,  th e  s t r u c t u r a l  c o r r e c t i o n  
a p p l i e d  shou ld  be more complex th a n  p r e v i o u s l y  th o u g h t .  The s i n g l e  phase 
f o ld i n g  s t r u c t u r a l  c o r r e c t i o n  i s  i n s u f f i c i e n t ,  and a more complex two phase 
f o ld i n g  s t r u c t u r a l  p a t t e r n  i s  im p l ied  fo r  the  E a r l y  O rdov ic ian  as an 
e x p l a n a t i o n  f o r  the  d i f f e r e n c e  in  po le  p o s i t i o n .  (2 )  The A u s t r a l i a n  p o l a r  
wander pa th  i s  f a r  more complex than  i l l u s t r a t e d ,  and t h e r e f o r e  f u r t h e r  
work i s  n e c e s s a r y  to  d e f i n e  to  th e  pa th  p r e c i s e l y .
For the  M iddle -La te  O rdov ic ian  t ime p e r i o d ,  th e  t h r e e  po le s  (CCL, MLG, 
AT) p l o t  in  s t r a t i g r a p h i c  o r d e r  in  the  same t r e n d  as observed  in  the  
r e f e r e n c e  p a t h .  With r e s p e c t  to  the  o t h e r  p o le s  t h e s e  a re  d i s p l a c e d  some
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20° n o r th w a r d s  from t h e i r  c o r r e c t  s t r a t i g r a p h i c  p o s i t i o n  on th e  r e f e r e n c e  
p a t h  .
S i m i l a r  comments as  made f o r  t h e  Lower O r d o v i c i a n  ( 1 , 2  above)  may 
a g a i n  a p p l y ,  though  more s t r u c t u r a l  d e t a i l  i s  known o f  t h e  o v e r l y i n g  
f o r m a t i o n s ,  o v e r r u l i n g  u n r e c o g n i z e d  complex f o l d i n g .  A r e g i o n a l  p lunge  or  
u p l i f t  o f  the  a r e a ,  i n  t h e  o r d e r  o f  20° would a c c o u n t  f o r  the  c o n s i s t e n t  
v a r i a t i o n ,  however from g e o p h y s i c a l  and d e p th  to  m a n t l e  c o n s i d e r a t i o n s  such 
an o b s e r v a t i o n  i s  u n l i k e l y .  The Kosc iusko  U p l i f t  (5 5 -1 0  m .y .  ago)  has  
p roduced  u p l i f t s  o f  up to  500 m e t r e s  (Wellman & McDougal,  1974; Wellman,  
1979 ) ,  though  t h i s  i s  nowhere i n  t h e  o r d e r  r e q u i r e d  f o r  a 20° v a r i a t i o n .  
The most  l o g i c a l  and s i m p l i s t i c  e x p l a n a t i o n  i s  to  assume th e  r e f e r e n c e  p a th  
i s  c o r r e c t  and t h a t  the  o f f s e t  o f  t h e  new O r d o v i c i a n  p o l e s  from so u th  e a s t  
A u s t r a l i a  r e p r e s e n t s  b l o c k  movement .
I t  c o u ld  be p o s t u l a t e d  t h a t  t h e r e  has  been  s h e a r i n g  be tween  th e  t h e n  
i s l a n d  a r c  b l o c k  and th e  s t a b l e  c r a t o n .  R igh t  l a t e r a l  s h e a r  o f  the  
O r d o v i c i a n  i s l a n d  a r c  s e d im e n t s  r e l a t i v e  to  t h e  c r a t o n  would r e p o s i t i o n  the  
p o l e s  in  a more c o r r e c t  s t r a t i g r a p h i c  p o s i t i o n .
T r a n s l a t i o n  and r o t a t i o n  has  been  shown to  oc c u r  on th e  e a s t  c o a s t  o f  
Nor th  America,  i n  t h e  W r a n g e l l i a  t e r r a i n ,  Weste rn  C o r d e l l e r a  and in  the  
N o r th e r n  A p p a l a c h i a n s  ( I r v i n g ,  1979; B e c k , 1976) .  S c h e ib n e r  (1976;  f i g u r e s  
20 -22)  i l l u s t r a t e s  p o s s i b l e  r o t a t i o n a l  movement o f  t h e  Molong High r e l a t i v e  
t o  the  s t a b l e  Pa rkes  P l a t f o r m ,  b a s i n g  t h e  movement on s i m i l a r i t y  o f  r o c k  
t y p e s  and e x t e n t i o n  o f  t h e  o ld  f r a c t u r e  z o n e s .
D i s c u s s i o n  o f  the  s e c o n d a r y  components  i d e n t i f i e d  from th e  O r d o v i c i a n  
f o r m a t i o n s  w i l l  be d i s c u s s e d  a f t e r  d i s c u s s i o n  o f  t h e  younger  S i l u r i a n  and 
Devonian f o r m a t i o n s .
50
CHAPTER 3
SILURIAN PALAEOMAGNETISM 
3 . 1  REGIONAL GEOLOGY
The S i l u r i a n  o f  s o u t h  e a s t  A u s t r a l i a  c r o p s  o u t  a s  w i d e s p r e a d  
c o n t i n u o u s  b e l t s  o f  s h a l e ,  l i m e s t o n e ,  s a n d s t o n e  and f e l s i c  v o l c a n i c s ,  s u c h  
t h a t  a n e a r l y  c o n t i n u o u s  S i l u r i a n  s e d i m e n t a r y  s e q u e n c e  i s  p r e s e r v e d  o v e r  
m o s t  o f  t h e  r e g i o n .  S t r a t i g r a p h i c  c o r r e l a t i o n  b e t w e e n  t h e  S i l u r i a n  
f o r m a t i o n s  from t h e  s am pled  a r e a s  and w i t h  o t h e r  s i m i l a r  a r e a s  w i t h i n  t h e  
Molong High and Cowra Trough i s  g i v e n  i n  T a b l e  3 . 1 .  The P a n u a r a  F o r m a t i o n  
( S t e v e n s  & Packham,  1953;  S m i t h ,  1966)  and t h e  Mumbil Group ( S t r u s z ,  1960;  
Vandyke & B y r n e s ,  1976)  a r e  b o t h  w i d e l y  d e v e l o p e d  S i l u r i a n  f o r m a t i o n s  on 
t h e  Molong High and r a n g e  from L a t e  L l a n d o v e r i a n  t o  E a r l y  L u d l o v i a n  
( S t r u s z ,  1 9 6 0 ) .  A l t h o u g h  t h e  Mumbil F o r m a t i o n  i s  a t  t h e  n o r t h e r n  end o f  
t h e  Molong High and t h e  P a n u a r a  F o r m a t i o n  a t  t h e  s o u t h e r n  e n d ,  t h e y  b o t h  
h a v e  v e r y  s i m i l a r  c h a r a c t e r i s t i c s ,  i n d i c a t i n g  t h a t  s t a b l e  and s i m i l a r  
s e d i m e n t a t i o n  c o n d i t i o n s  o c c u r r e d  o v e r  t h e  Molong High and a d j a c e n t  
T r o u g h s  .
The Mumbil Group c o n s i s t s  o f  two f o r m a t i o n s ,  t h e  N a r r a g a l  L i m e s t o n e  
and t h e  Barnby  H i l l s  S h a l e .  The N a r r a g a l  L i m e s t o n e  i s  L a t e  L u d l o v i a n  ( l a t e  
M i d d l e  t o  e a r l y  L a t e  S i l u r i a n ) ,  b a s e d  on a d i v e r s e  c o r a l  and g r a p t o l i t e  
f a u n a  i n  i t  and i n  t h e  o v e r l y i n g  Barnby  H i l l s  S h a l e .  The m a r k e r  h o r i z o n s ,  
a p a l e  g r e y  g r a p t o l i t i c  h o r i z o n  midway up t h e  f o r m a t i o n  and a t h i c k  
r e d - b r o w n  h o r i z o n  a t  t h e  t o p ,  r e c o g n i z e d  by S t r u s z  ( 1 9 6 0 ) ,  w e re  i m p o r t a n t  
i n  c r o s s  c o r r e l a t i n g  sam ple  t r a v e r s e s  t h r o u g h  t h e  t h i c k  Barnby  H i l l s  S h a l e .
The P a n u a r a  F o r m a t i o n  was n o t  s am p led  as  s u i t a b l e  a r e a s  c o u l d  n o t  be  
l o c a t e d .  S u b s e q u e n t  d i s c u s s i o n s  w i t h  Packham ( p e r s .  comm.,  1979) i n d i c a t e d  
t h e  P a n u a r a  F o r m a t i o n  i s  v e r y  t h i n  and good s e c t i o n s  a r e  e x p o s e d  i n  one  o r  
two s m a l l  g u l l i e s .
W i t h i n  t h e  Cowra T r o u g h ,  a c o n t i n u o u s  s e q u e n c e  o f  s a n d s t o n e ,  l i m e s t o n e  
and s i l t s t o n e  c r o p  o u t  in  an a r e a  e a s t  o f  C a n o w i n d r a .  The s e q u e n c e  r a n g e s  
f rom t h e  u p p e r  h a l f  o f  t h e  M i l l a m b r i  F o r m a t i o n  ( R y a l l ,  1 9 6 6 ) ,  a F o r m a t i o n  
w h ich  r a n g e s  i n  age  f rom L a t e s t  O r d o v i c i a n  ? to  E a r l y  S i l u r i a n ,  t o  t h e  L a t e  
S i l u r i a n - E a r l y  D e v o n ia n  T e n a n d r a  F o r m a t i o n .  Midway up t h e  s e q u e n c e  t h e  
S - t y p e  C an o w in d ra  P o r p h y r y  ( R y a l l ,  1 9 6 6 ) ,  an e x t r u s i v e  c a l c - a l k a l i n e  
v o l c a n i c  u n i t ,  r e p r e s e n t s  a M i d d l e  S i l u r i a n  r e s u r g e n c e  o f  v o l c a n i s m  
a s s o c i a t e d  w i t h  s u b d u c t i o n  ( S c h e i b n e r ,  1 9 7 6 ) .  To t h e  s o u t h  n e a r  Cowra,  an 
S - t y p e  g r a n o d i o r i t e , t h e  Cowra G r a n o d i o r i t e  ( S e c t i o n  4 . 5 ) ,  w i t h  s i m i l a r
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chemical characteristics occurs. Both contain garnets with the same 
composition, indicating a co-magmatic relationship.
Deformation and uplift associated with the Late Ordovician to 
Earliest Silurian Benambran Orogeny severely modified the geographic 
pattern previously established in the Lachlan Geosyncline (Brown et al., 
1968). The total intensity of deformation decreased to the east 
(Scheibner, 1976; Brown et al., 1968) such that the eastern most 
tectonic belt, the Molong High, only suffered mild deformation and 
metamorphism. Scheibner (1976) suggests that the Benambran Orogeny was 
an expression of the eastwards rotation of the Australian plate. This 
tectonic activity was also responsible for the development and continued 
enlargement of the Cowra Trough through extensive felsic volcanism and 
abundant marine flysch sedimentation within the deformed regions.
Within the Silurian period several localized episodes of orogenic 
activity have been recorded (and debated). Of these, two are localized 
within the area sampled and therefore, play an important part in 
palaeomagnetic interpretation. The Quidongan Orogeny (Crook et al., 
1973), latest Early to Middle Silurian, resulted in a localized angular 
unconformity between Lower and Middle Silurian strata between Canberra 
and Quidong, granitoid emplacement, and deformation and accretion of the 
eastern belts. To the north, an older Early to Middle Silurian 
localized orogenic phase has been identified near the Panuara and Quarry 
Creek region. Packham (1969) originally included this phase within the 
Benambran Orogenic episode, but Scheibner (1976) suggested it be 
seperated and called the Quarry Creek Orogeny of Central New South Wales 
as it is confined to this area.
During the Middle Silurian, a further more widespread rearrangement 
of the tectonic units resulted in the development of intense volcanic 
arc/rift volcanism and associated granitoid emplacement. This orogenic 
activity is now referred to as the Bowning Orogeny, believed to be 
associated with changes in the subduction zone dynamics (Scheibner, 
1973; 1976).
During this orogenic period the Molong High experienced shallow 
water sedimentation and subaerial volcanism. On the Molong High the 
only evidence of orogenic activity during this time is the further 
splitting of the High, as a result of east-west tensional stresses. At 
this time the Hill End Trough was formad as a Silurian marginal sea to 
the east (Scheibner, 1976), in the same way as the previously formed 
Cowra Trough. Microplate tectonic rotations (Scheibner, 1976; 
Scheibner & Stevens, 1974) of seperate blocks containing the Molong High
53
and the now eastern edge of the Hill End Trough will, when rotated back to 
pre splitting times, reconstruct the opening and rifting of the Hill End 
Trough.
Towards the end of the Silurian period, tectonic activity was 
migrating eastwards into the Hill End Trough and Capertee High (Kennedy, 
1976). Although the dominant activity was in these eastern regions, 
volcanism and associated orogenic granitoid activity still occurred in 
parts of the Molong High and Cowra Trough. The Cuga Burga Volcanics 
(Strusz, 1960) was a product of this late volcanism.
In summary, the Silurian period is characterized by localized 
deformational phases. Each 'pulse' or local phase controlled the local 
structural evolution of an area. The Cowra Trough formed as a result of 
rifting during the Early Silurian and continued to widen as microplate 
rotations and associated rifting continued (Scheibner, 1976; Stevens & 
Packham, 1953). However, as these rotations occurred on blocks aligned N-S 
and directed E-W, resolution of the extent of widening is not possible 
using palaeomagnetism. However, relative N-S movements between the blocks 
or large scale rotations may be detectable.
3.2 ROCKDALE FORMATION
3.2.1 Mineralogy
The Rockdale Formation (Ryall, 1966) is the new name applied to the 
Lower Millambri Formation (Stevens, 1950). It crops out as a thin sequence 
of yellow, soft, interbedded siltstones overlying, and folded about, the 
Canomodine Limestone (Figure 3.1). As it is soft, much of the Formation 
has been deeply weathered. Samples were able to be collected on the 
thicker western limb (Figure 3.1) where the Formation reaches a thickness 
of 82 metres. The Formation, as described by Ryall (1966, p.172), is 
typically siltstones, though carbonaceous material is present in parts. 
Graptolites from the Formation have been interpretated as indicative of two 
different ages: Sherrard (1962) assigned a Silurian age, but Ryall (1966) 
was unable to find the same graptolite assemblage, and so using a different 
assemblage from the same locality he assigned an unquestionable Late 
Ordovician age. Palaeomagnetic results from the Rockdale Formation 
indicate an Early Silurian age, which supports Sherrard's (1962) analysis, 
and hence this Formation is included here rather than in the discussion of 
the Ordovician (Chapter 2).
3.2.2 Palaeomagnetic Results
Fourteen samples were collected from a single outcrop on the western 
limb (latitude 33.5°S, longitude 148.8°E; Figure 3.1). Each
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AREA 1
f i g u r e  3 . 1  The v a r i o u s  s a mp l e  l o c a l i t i e s  w i t h i n  Area  1 ( Ca n o w i n d r a  
R e g i o n )  a r e  i n d i c a t e d  as  s o l i d  c i r c l e s .  Sampl es  were  c o l l e c t e d  
a c r o s s  t h e  Cranky  Rock A n t i c l i n e ,  and i n  t h e  e a s t e r n  f a u l t  b l o c k .  
A s e n e s  o f  t r a v e r s e s  i n  b o t h  s e g m e n t s  e n a b l e d  e x t e n s i v e  s a m p l i n g
o f  t h e  c o m p l e t e  S i l u r i a n  s e q u e n c e  i n  t h i s  r e g i o n  o f  t h e  Cowra 
T r o u g h .
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specimen was c a r e f u l l y  t h e rm a l l y  demagnetized  up to  675°C. I n i t i a l  
i n t e n s i t i e s  were v e r y  s t r o n g  (200 to  700 mA/m), though t h i s  was reduced  to  
2mA/m by 200°C. Once t h i s  v e ry  s t r o n g  VRM ( v i s c o u s  remanent  magnetism) was 
removed w ide ly  s c a t t e r e d  NRM d i r e c t i o n s  c l u s t e r e d  about  a p r im ary  
d i r e c t i o n .  The mean bedding  c o r r e c t e d  p r im ary  d i r e c t i o n  i s  D = 4 5 . 1 7 ° ,  I  = 
1 .4 1 ° ,  w i th  F i s h e r  s t a t i s t i c s  k = 63 .9  and A95 = 5 .47°  ( s e e  Table 3 .2  f o r  
meaned f i e l d  and bedding  c o r r e c t e d  d a t a ) .  Orthogonal  p r o j e c t i o n s  f o r  t h r e e  
specimens a r e  shown in  F ig u re  3 . 2 .  They a l l  show th e  random NRM d i r e c t i o n  
and the  c o n s i s t e n t  p r im ary  d i r e c t i o n  above 200°C. No secondary  components 
were i d e n t i f i e d  from th e  l i m i t e d  number o f  spec im ens ,  though th e  s t r o n g  VRM 
was, i n  some c a s e s ,  s i m i l a r  in  d i r e c t i o n  to  a r e c e n t  f i e l d  component.
3 .3  MILLAMBRI FORMATION 
3 . 3 .1  M inera logy
S t r a t i g r a p h i c a l l y  o v e r l y i n g  the  Rockdale Format ion (Tab le  3 .1 )  i s  1400 
m e t res  o f  a r e n i t e s  and s i l t s t o n e s  com pr is ing  the  M il lam br i  Format ion .  The 
Formation  has  been  s u b d iv id e d  i n t o  two members ( R y a l l ,  1966): a Lower 
Member o f  " m a s s iv e ,  p o o r l y  bedded a r e n i t e s " ,  and an Upper Member o f  bedded 
s i l t s t o n e s .  D e t a i l e d  p e t r o g r a p h i c  d e s c r i p t i o n s  o f  the  s i l t s t o n e s  and 
a r e n i t e s  a r e  found in  Rya l l  (1966,  p . 1 7 4 ) .  In g e n e r a l  the  s i l t s t o n e s  and 
a r e n i t e s  have  a f e l d s p a r  c l a y  m a t r i x  co m p o s i t io n ,  w i th  abundant  v o l c a n i c  
rock  f r a g m e n ts ,  and pyroxene g r a i n s  ( R y a l l ,  1966; t h i s  s t u d y ) .  Th is  
m ine ra logy  s u g g e s t s  th e  sou rce  m a t e r i a l  was th e  abundant  E a r l y  O rdov ic ia n  
a n d e s i t e s .  D e p o s i t i o n  o ccu r red  as deep w a te r  t u r b i d i t e s .  Ryal l  (1966) has  
found d i a g e n e t i c  p r e h n i t e  and c a r b o n a t e ,  bu t  no p u m p e l l y i t e ,  and so deduces 
th e  metamorphic g rade  to  be v e ry  low p r e h n i t e - p u m p e l l y i t e  me tagreyw acke .
The Millambri Formation contains  few f o s s i l s ,  except near the top ,  
where the d e p o s i t i o n a l  environment was shallow water.  The top o f  the  
Formation i s  dated as Early Llandovery (Early  S i lu r ia n )  (R y a l l ,  1966) .  The 
Formation i s  fo lded  about the Cranky Rock A n t i c l i n e  (S tev en s ,  1950),  a 
major a n t i c l i n e  a s s o c ia t e d  with a s e r i e s  o f  minor a n t i c l i n e s  and s y n c l i n e s .  
As w e l l ,  a th in  s t r i p  o f  Millambri Formation crops out in the eas tern  
fault-bounded b lock  (Figure  3 . 1 ) .
3 . 3 .2  P a la eom agne t ic  R e s u l t s
One hundred  and f o r t y  one specimens from f i v e  t r a v e r s e s  were c o l l e c t e d  
( a v e rag e  l o c a t i o n :  l a t i t u d e  33 .53°S ,  l o n g i t u d e  148 .78°E) .  The t r a v e r s e s ,  
shown in  F ig u re  3 . 1 ,  were a c ro s s  both  l imbs  o f  th e  A n t i c l i n e  and a c r o s s  th e  
t h i n  e a s t e r n  sequence .  Both A.F. and the rm al  d e m a g n e t i z a t i o n  t e c h n iq u e s  
were employed and in  a l l ,  t h r e e  components
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Figure 3.2 Zijderveld diagrams of selected specimens from the Rockdale 
Formation which illustrate the nature of the various components. 
A: 200°-600° primary. B: 200°-700° primary. C: 200°-600°
primary .
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were positively identified (Table 3.2). The first was a low blocking 
temperature, recent field component present as a recently aquired VRM. It 
was successfully removed by 250°C or 200mT. The second was a secondary 
Devonian direction (D = 33.74°, I = 27.0°), and the third a primary 
direction (D = 40.62°, I = -18.38° with k = 21.3 and A95 = 6.57°). 
Orthogonal projections are used to show the removal of the recent field, 
Devonian and residual primary components (Figure 3.3A-D).
Application of Graham's (1949) fold test to the characteristic 
directions from both sides of the Anticline, and testing the statistical 
significance of the k value variation according to McElhinny (1964) 
indicates the age of magnetization of the characteristic direction is 
pre-folding and therefore, definitely pre-Early Devonian-Late Silurian 
(the major folding episode).
3.4 LOWER AVOCA VALLEY SHALE AND UPPER AVOCA VALLEY SHALE 
3.4.1 Mineralogy
These two Formations are discussed together as they are 
mineralogically and palaeomagnetically similar. In the field they are 
separated by the extrusive Canowindra Porphyry (Section 3.5, Table 3.1).
The Lower Avoca Shale (LAVS) through to the Tenandra Formation comprise 
the Cudal Group (Stevens, 1951; Ryall, 1966) representing continuous 
Silurian-Devonian sedimentation. The LAVS is 120 metres thick and 
conformably overlies the Millambri Formation, cropping out as a thin 
sequence around the Cranky Rock Antilcline, and as a thick sequence in 
the eastern fault-bound block (Figure 3.1).
The Upper Avoca Valley Shale (UAVS) is found only within the 
eastern block, cropping out as a 600 metre thick, N-S belt. It 
typically consists of green shales with minor red and brown shales, 
whereas the LAVS is dominantly red, brown and green shales. The first 
bed sampled above the Canowindra Porphyry is different in that it is a 
quartzo-feldspathic sandstone (Ryall, 1966) and is derived from the 
underlying Porphyry. Garnets occur within this sandstone and are 
similar to those found within both the Cowra Granodiorite and the 
Canowindra Porphyry. The uppermost bed of the LAVS is 'spotted' with 
chlorite aggregates. These spots occur as a result of low temperature, 
low grade albite-epidote-hornsfels metamorphism (Ryall, 1966) associated 
with the extrusion of the Canowindra Porphyry.
All the shales of the LAVS and the UAVS contain quartz and feldspar 
in a carbonaceous clay matrix (Ryall, 1966; this study). Ryall (1966) 
also found hematite and mica. Thin sandstone beds occur within the UAVS 
indicating continued shallowing of the Cowra Trough. Graptolites within
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the LAVS indicate a late Early to early Middle Silurian age, and a Late 
Llandoverian to Wenlockian age (Middle Silurian) for the UAVS (Ryall, 
1966). As with the previous formations the main folding occurred in the 
Early Devonian.
3.4.2 Palaeomagnetic Results
A total of three sampling traverses, two within the LAVS and one in 
the UAVS enabled collection from both formations (Figure 3.1). 50 LAVS 
and 63 UAVS specimens were collected. Each specimen was thermally 
demagnetized, some up to 700°C, the rest up to 650°C. Intensities for 
the red shales (30-150 mA/m) were constantly stronger than those of the 
brown and green shales (0.5-1 mA/m for UAVS, and l-14mA/m for LAVS).
Chemical cleaning was not attempted on the red shales as they were 
not porous. Even in a pressurized chemical demagnetization apparatus 
(Burek, 1971) chemical cleaning was not successful.
A recent field direction and a Devonian overprint direction, but no 
primary direction, were obtained from the LAVS. Conversely, a Primary 
direction was obtained from the better defined UAVS, but no secondary 
component was positively identified. This characteristic direction, on 
bedding correction gave a mean direction of D = 25.2°, I = 30.1° with k 
= 50.6 and A95 = 6.8°.
Orthogonal projections for the LAVS are shown in Figure 3.4A-B and 
for the UAVS in Figure 3.4C-E. For both formations the red shales 
cleaned better than the green or brown shales, and tended to give 
primary directions rather than secondary overprints. This indicates the 
red colouring is primary (CRM) and not a result of post-depositional 
weathering. Without the red colouring the DRM of the green and red 
shales is very weak and easily remagnetized.
A flexure in the N-S trending LAVS (Figure 3.1) was used to help 
identify a primary component. As there was no improvement in k after 
bedding correction it was concluded that a primary direction was not 
present, even though specimens showed high blocking temperature 
component characteristic directions (for example, Figure 3.4A-B).
3.5 CANOWINDRA PORPHYRY 
3.5.1 Mineralogy
The Canowindra Porphyry is a calcalkaline extrusive flow. The 
presence of garnet and the absence of hornblende defines it as an S-type 
volcanic (as defined by Chappell & White, 1974). Petrographically it 
contains quartz and feldspar, and biotite phenocrysts in a fine grained 
felsic groundmass. Alteration of the feldspars and biotites, and of the 
groundmass is common, with the feldspars reduced to kaolin and the
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b i o t i t e s  and groundmass  s t r o n g l y  c h l o r i t i z e d  ( R y a l l ,  1966; t h i s  s t u d y ) .  
The g a r n e t  p r e s e n t  i n d i c a t e s  a co-magmatic  r e l a t i o n s h i p  w i th  t h e  Cowra 
G r a n o d i o r i t e  ( S e c t i o n  4 . 5 ) .
The Porphyry  c r o p s  ou t  in  two a r e a s ,  as  a t h i c k  b road  u n i t  f o ld e d  
abou t  t h e  Cranky Rock A n t i l c i n e ,  and as  a m a s s iv e  w e s t e r l y  d i p p i n g  u n i t  
in  the  f a u l t e d  b l o c k  ( F i g u r e  3 . 1 ) .  Bedding and f low band ing  a r e  a b s e n t ,  
w i th  co lumnar  j o i n t i n g  sometimes v i s i b l e  a t  the  base  o f  t h e  u n i t .  To 
overcome t h i s  l a c k  o f  s t r u c t u r a l  i n f o r m a t i o n ,  samples  were t a k e n  from 
n e a r  b o th  the  t o p  and base  where t h e  c on fo rm ab ly  o v e r l y i n g  and 
u n d e r l y i n g  f o r m a t i o n s  c o u ld  be used f o r  r e f e r e n c e  b e d d i n g .  Both a r e a s  
were r e g i o n a l l y  f a u l t e d  d u r i n g  the  E a r ly - M id d l e  Devonian .  E a r l i e r  
f o l d i n g ,  d u r i n g  e x t r u s i o n  or  d u r i n g  p o s t - d e p o s i t i o n a l  s e d i m e n t a t i o n  may 
have  o c c u r r e d ,  b u t  t h i s  c a n n o t  be r e c o g n i z e d  i n  t h e  f i e l d  b e c au s e  o f  t h e  
m a s s i v e  n a t u r e  o f  the  u n i t .
The Canowindra Porphyry  r e a c h e s  a maximum t h i c k n e s s  o f  350 m e t r e s ,  
and i s  r e g a r d e d  as  l a t e  E a r l y - e a r l y  Middle  S i l u r i a n  i n  age (T a b le  3 . 1 ) ,  
( R y a l l ,  1966) .
Four  t r a v e r s e s  were sampled ,  one a t  t h e  top  o f  t h e  Po rphyry  on the  
w e s t e r n  l imb and one on th e  e a s t e r n  l imb o f  t h e  Cranky Rock A n t i c l i n e ,  
and th e  o t h e r s  a t  the  top  and base  o f  t h e  po rp h y ry  i n  the  e a s t e r n  f a u l t  
b l o c k  ( F i g u r e  3 . 1 ) .
3 . 5 . 2  P a l a e o m a g n e t i c  R e s u l t s
These fou r  t r a v e r s e s  e n a b le d  a d e q u a te  s ampl ing  o f  the  f low ,  w i t h  a 
t o t a l  o f  54 spec im ens  c o l l e c t e d  from an a v e ra g e  s i t e  o f  33 .58°S  
l a t i t u d e ,  148 .80°E l o n g i t u d e .  Both A.F.  and th e rm a l  d e m a g n e t i z a t i o n  
t e c h n i q u e s  were a p p l i e d  to  the  c o l l e c t i o n .  A f t e r  f i e l d  c o r r e c t i o n ,  a 
p r im a ry  d i r e c t i o n  and a r e c e n t  f i e l d  component  were i d e n t i f i e d  (T a b le  
3 . 2 ) .  Hie r e c e n t  f i e l d  component  i s  a low b l o c k i n g  t e m p e r a t u r e  
component  wh ich ,  i n  most  c a s e s ,  was removed by 200mT o r  250°C ( F i g u r e  
3 .5 A ,D ) ,  though i t  p e r s i s t e d  to  v e r y  h i g h  b l o c k i n g  t e m p e r a t u r e s  in  some 
i n s t a n c e s  ( f o r  example F i g u r e  3 .5 C ) .  On be dd ing  c o r r e c t i o n  the  c l e a n e d  
c h a r a c t e r i s t i c  d i r e c t i o n s  from th e  fou r  t r a v e r s e s  c o n c e n t r a t e d  abou t  a 
mean d i r e c t i o n  o f  D = 2 1 . 4 6 ° ,  I = 15 .71°  w i th  k = 20 .7  and A95 = 1 1 .5 7 ° .  
The f o l d  t e s t  i s  no t  q u i e t  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95% 
c o n f i d e n c e  l i m i t  (McElh inny,  1964) .  However,  t h e  c l u s t e r i n g  does  
s u g g e s t  t h e  m a g n e t i c  d i r e c t i o n  measured  was a c q u i r e d  p r e - f o l d i n g ,  and 
the  ' c h a r a c t e r i s t i c '  n a t u r e  and the  h i g h  b l o c k i n g  t e m p e r a t u r e  s u g g e s t  
t h e  d i r e c t i o n  i s  p r i m a r y .  A l a r g e  number o f  spec imens  produced  random 
d i r e c t i o n s  as  w e l l  as t h e s e  two components .  These may be a c c o u n te d  fo r  
m i n e r a l o g i c a l l y , f o r  t h e  S - ty p e  c h a r a c t e r i s t i c  ( C h a p p e l l  & White ,  1974)
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o f  t h e  p o rphy ry  i m p l i e s  t h e  p r e s e n c e  o f  i l m e n i t e  g r a i n s  in  t h e  m i n e r a l  
a s s e m b la g e ,  which i s  n o t  s u i t a b l e  fo r  p a l a e o m a g n e t i c  i n t e r p r e t a t i o n  
b e c a u s e  o f  t h e i r  p a r a m a g n e t i c  p r o p e r t i e s .  The more s t a b l e  specimens  
p resum ab ly  c o n t a i n e d  v a r y i n g  q u a n t i t i e s  o f  m a g n e t i t e .  An a l t e r n a t i v e  
e x p l a n a t i o n  i s  t h a t  a l t h o u g h  the  po rp h y ry  i s  m a s s i v e  in  o u t c r o p  l o c a l  
v a r i a t i o n s  in  b e d d in g  may be p r e s e n t .  In p a r t i c u l a r  i r r e g u l a r i t i e s  in  
the  t o p o g ra p h y  o f  t h e  d e p o s i t i o n a l  s u r f a c e  c o u ld  a c coun t  f o r  the  
v a r i a t i o n s  seen  in  t h e  p a l a e o m a g n e t i c  r e s u l t s .
3 .6  GHOST HILL FORMATION AND BELUBULA SHALE
3 . 6 . 1  M in e ra lo g y
These two f o r m a t i o n s  a r e  m i n e r a l o g i c a l l y  s i m i l a r ,  though  the  
p a l a e o m a g n e t i c  r e s u l t s  d i f f e r  m a r k e d ly .  The Ghost H i l l  Fo rm a t ion  i s  the  
o l d e r  o f  t h e  two ( T a b le  3 . 1 )  and c o n s i t s  o f  a r e n i t e s  and s i l t s t o n e s ,  
bo th  o f  which a r e  t u f f a c e o u s  in  n a t u r e  wi th  q u a r t z  and f e l d s p a r  g r a i n s  
s e t  in  c l a y e y  m a t r i x  ( R y a l l ,  1966; t h i s  s t u d y ) .  The s i l t s t o n e s  and 
a r e n i t e s  a r e  g e n e r a l l y  brown to  c ream. The F o rm a t io n  i s  150 m e t r e s  
t h i c k  ( R y a l l ,  1966) and c o n t a i n s  s e v e r a l  l i m e s t o n e  l e n s e s  n e a r  t h e  b a s e .  
G r a p t o l i t e s  found i n  t h e  s i l t s t o n e s  i n d i c a t e  a M id d l e -L a t e  S i l u r i a n  age 
( R y a l l ,  1966) .
The B e lu b u la  Sha le  c o n fo r m a b ly  o v e r l i e s  t h e  Ghost  H i l l  F o r m a t io n ,  
and c o n s i s t s  o f  270 m e t r e s  o f  brown,  r ed  and g r e y  s h a l e s  ( R y a l l ,  1966) .  
These s h a l e s  a r e  m i n e r a l o g i c a l l y  t h e  same as  t h o s e  o f  t h e  Ghost H i l l  
F o r m a t io n .  G r a p t o l i t e s  s u g g e s t  an La te  S i l u r i a n  age f o r  t h e  B e l u b u la  
Sha le  ( R y a l l ,  1966) .
The f a u n a l  a s s e m b la g e s  and l i m e s t o n e  l e n s e s  s u g g e s t  a s h a l l o w  w a te r  
e nv i ronm en t  f o r  t h e s e  two u n i t s .  Both c ro p  ou t  as  na r row N-S s t r i p s  
( F i g u r e  3 .1 )  in  t h e  s o u th  e a s t  f a u l t  bound a r e a  where t h e  B e l u b u la  Sha le  
i s  f a u l t e d  a g a i n s t  t h e  Tenandra  F o r m a t io n .
Regiona l  f o l d i n g ,  r e s p o n s i b l e  fo r  the  de f o r m a t i o n a l  s t y l e  now 
p r e s e n t ,  must  have o c c u r r e d  d u r i n g  th e  Middle  Devonian as  to  the  e a s t  
Upper Devonian c l a s t i c  s e d im e n t s  r e s t  unc on fo rm ab ly  on the  S i l u r i a n .
3 . 6 . 2  P a l a e o m a g n e t i c  R e s u l t s
An e x te n d e d  t r a v e r s e  t h ro u g h  t h e  Ghost  H i l l  Fo rm a t ion  and B e l u lu b a  
Sha le  ( F i g u r e  3 . 1 )  a l l o w e d  c o m p le te  sam pl in g  o f  b o t h .  In a l l ,  21 
samples  (123 sp e c im en s )  were c o l l e c t e d  from the  B e lu b u la  Sha le  ( 3 3 . 6 1 ° S ,  
148.81°E)  and 9 sam ples  from t h e  Ghost  H i l l  Fo rm a t ion  ( 3 3 . 6 1 ° S ,  
1 4 8 .82°E) .
Each specimen  was t h e r m a l l y  d e m a g n e t i z e d  s t a r t i n g  w i t h  i n c r e m e n t s  
o f  50°C and where n e c e s s a r y  f i n i s h i n g  w i th  i n c r e m e n t s  o f  25°C t o  a 
maximum of  700°C. F i e l d  c o r r e c t e d  o r t h o g o n a l  p l o t s  fo r  b o t h  t h e  Ghost
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Hill Formation (Figure 3.6A-D) and Belubula Shale (Figure 3.6E-I) 
illustrate the behaviour of the various components identified within the 
respective formations. Similar components were identified from both, 
namely a primary component, a low blocking temperature recent field 
component (Figure 3.6C,H) and a Devonian overprint (Table 3.2). The 
Devonian overprint (Figure 3.6C,D,H,l), where present, had remagnetized the 
rock both in the medium and high blocking temperature range and existed as 
a stable component up to very high temperatures (Figure 3.6H).
The primary component (Figure 3.6A,B,D,F,G) in both formations occurs 
in a temperature range similar to the Devonian overprint, and therefore the 
two were not expected in the same specimen. An apparent exception to this 
is Figure 3.6D, where a stable (200-500°C) though not 'characteristic' 
trajectory representing removal of a component having the same declination 
and inclination as the primary component is succeeded by the removal of a 
component similar to the Devonian overprint. The latter is based on two 
data points and may be coincidence. The apparent primary direction, 
however, does not have primary characteristics.
Although samples were from a single sequence through the two 
formations, small variations in bedding of each unit enabled application of 
Graham's (1949) fold test to both formations. On bedding correction, 
directions tended to cluster (Figure 3.7A,B) indicating a positive fold 
test, both are significant at the 95% confidence limit (McElhinny, 1964), 
with k2/kl = 3.87 for the Belubula Shale and k2/kl = 12.32 for the Ghost 
Hill Formation. (For the latter, both normal and reversed directions were 
present).
3.7 MUMBIL GROUP - BARNBY HILLS SHALE AND NARRAGAL LIMESTONE 
3.7.1 Mineralogy
Previously refered to as the Mumbil Formation and its two members 
(Strusz, 1960), Van Dyke & Byrnes (1976) raised each of the members to 
Formation status. The Narragal Limestone is the basal unit in the Group, 
disconformably resting on the Dripstone and Oakdale Groups. The Barnby 
Shale conformably overlies the Narragal Limestone, and is itself 
conformably overlain by the Cuga Burga Volcanics (Table 3.1).
The Mumbil Group crops out within the Oakdale Anticline, south east of 
Wellington (Figure 3.8). It occurs on both limbs and in the anticlinal 
closure to the south. The Narragal Limestone is generally massive with 
only local areas of poor bedding. It is richly fossiliferous, and contains 
a coral fauna which has been dated as
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F i g u r e  3 . 6  Z i j d e r v e l d  d i ag ra m s  o f  s e l e c t e d  spec im ens  from th e  B e l u b u la  
Sha le  and Ghost  H i l l  F o rm a t io n  which i l l u s t r a t e  t h e  n a t u r e  o f  t h e  
v a r i o u s  c om pone n t s .  A: 0 ° -5 0 0 °  p r i m a r y .  B: 300°-600°  p r i m a r y .
C: 0 ° -2 0 0 °  r e c e n t  f i e l d ;  250°-550°  D evonian .  D: 200°-500°
p r i m a r y ;  550°-600°  Devon ian .
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k=727
095=297
GHOST HILL 
FORMATION
k=896 0
095=8-4
k= 30 3
095=471
BELUBULA
SHALE
k= 117-4
F i g u r e  3 .7  F i e l d  and b e d d in g  c o r r e c t e d  d i r e c t i o n s  f o r  t h e  B e l u b u l a  
Sha le  and Ghost H i l l  F o r m a t io n .  On b e d d in g  c o r r e c t i o n  t h e  
i n d i v i d u a l  d i r e c t i o n s  c l u s t e r ,  i n d i c a t i n g  t h e  p r e s e n c e  o f  a 
p r e - f o l d i n g  ( p r i m a r y )  component .  Open c i r c l e s  -  n e g a t i v e  d i p s .  
Equal  a n g l e  p r o j e c t i o n .
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F i g u r e  3 . 8  The v a r i o u s  s a mp l e  l o c a l i t i e s  w i t h i n  Area  3 ( W e l l i n g t o n
Re g i o n )  a r e  i n d i c a t e d  as  s o l i d  c i r c l e s .  Sampl es  o f  t h e  S i l u r i a n
Mumbil  Group ,  c o m p r i s i n g  t h e  Barnby  H i l l s  S h a l e  and N a r r a g a l
L i m e s t o n e ,  were  c o l l e c t e d  f rom b o t h  s i d e s  o f  t h e  Oa k d a l e
A n t i c l i n e  .
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late-Middle to early-Late Silurian (Late Wenlockian to Early Ludlovian, 
Strusz, 1960; Van Dyke & Byrnes, 1976; Packham, 1969). At the southern 
end it is 150 metres thick, though elsewhere it is much thinner. The 
Barnby Hills Shale (Strusz, 1960; Van Dyke & Byrnes, 1976) is a thick 
sequence of shales and siltstones, containing abundant quartz and feldspar 
in a clay matrix (Strusz, 1960; this study). Strusz (1960) noted the 
presence of hematite and limonite (Fe hydroxide, paramagnetic, unstable) in 
some of the beds, and in others siderite (Fe carbonate, presumably 
paramagnetic and hence thought to be unstable).
As previously mentioned, two distinct marker horizons (initially 
defined by Strusz, 1960) are found within the Shale. The upper is a thick 
red-brown shale that defines the top of the formation. The other is a 
thinner pale grey horizon which contains a distinct graptolite fauna, which 
gives a Ludlovian age for the Shale. Both these horizons were used in 
correlating the various sampling traverses.
In the area sampled, the Upper Devonian rests unconformably on the 
Cuga Burga Volcanics, indicating local uplift and erosion (Morton, 1974). 
However, to the west near Wellington, the sequence is conformable (Conolly, 
1963), and the Upper Devonian has been folded as intensively as the 
underlying Silurian. Both the Barnby Hills Shale and the Narragal 
Limestone were folded during the latest Devonian-ear1iest Carboniferous, as 
a conformable sequence from the Middle Silurian through to the Late 
Devonian. In the Oakdale Anticline it is assumed the major folding 
occurred at the same time.
3.7.2 Palaeomagnetic Results
Two traverses through the Narragal Limestone (one at 32.69°S, 
148.99°E, and the other at 32.67°S, 148.95°E; Figure 3.8) and four 
traverses within the Barnby Hills Shale (32.68°S, 148.97°E; Figure 3.8) 
were sufficient for adequate sampling of both formations.
21 drill core samples (53 specimens) from the Narragal Limestone and 
35 handsamples (167 specimens) from the Barnby Hills Shale were collected 
from both limbs as well as the southern closure of the Anticline. The 
variable behaviour of each specimen necessitated careful stepwise thermal 
demagnetization of each specimen in increments of 30°C, then 25°C up to a 
maximum of 650°C. Some of the Limestone specimens fell below the 
sensitivity of the cryogenic magnetometer before this maximum temperature 
was reached.
Initial intensities for the Limestone were 0.5-4mA/m and had reduced 
to 0.004-0.OlmA/m at 500-600°C. Intensities were an order of magnitude 
larger for the Shales.
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A f t e r  c l e a n i n g ,  a pr im ary  component was i s o l a t e d  from bo th  f o rm a t io n s  
(T ab le  3 .2 )  p r i o r  to  which a low b lo c k in g  t e m p e ra tu r e  r e c e n t  f i e l d  
component had to  be e l i m i n a t e d  from bo th  fo r m a t io n s .  In a d d i t i o n  a 
Mesozoic component was o b ta in e d  from the  N ar rag a l  L imes tone .
F i e l d  c o r r e c t e d  o r th o g o n a l  d e m a g n e t i z a t i o n  d iagrams which i l l u s t r a t e  
the  r e l a t i o n s h i p  between the  p r im ary  and o v e r p r i n t  d i r e c t i o n s  f o r  th e  
N a r ra g a l  Limestone and the  Barnby H i l l s  Shale a r e  shown in  F ig u re s  3.9A-D, 
and 3.10A-E r e s p e c t i v e l y .  Many o f  the  N ar rag a l  Limestone specimens had 
been t o t a l l y  rem agne t i zed  d u r in g  the  Mesozoic,  whereas t h e r e  was o n ly  minor  
ev idence  fo r  such an even t  in  the  Barnby H i l l s  S h a l e s .  The o v e r p r i n t i n g ,  
t h e r e f o r e ,  must  be d i r e c t l y  r e l a t e d  to  the  m i n e ra lo g y .
For the  Barnby H i l l s  S ha le ,  a l th o u g h  a small  p e r c e n t a g e  o f  th e  
specimens produced u n i d e n t i f i a b l e  d i r e c t i o n s ,  most c o n t a in e d  a r e c o g n i z a b l e  
component.  Normal and r e v e r s e d  p o l a r i t i e s  were encoun te red  in  b o th  
f o r m a t io n s .  When a l l  d i r e c t i o n s  were t r an s fo rm e d  to  a s i n g l e  p o l a r i t y ,  th e  
b e f o r e  and a f t e r  bedding  c o r r e c t i o n  s t e r e o p l o t s  f o r  the  Barnby H i l l s  Shale  
i n d i c a t e s  improvement w i th  bedding  c o r r e c t i o n  ( F ig u r e  3 . 1 1 ) .  The 
improvement i s  v i s u a l l y  n o t  g r e a t ,  though th e  F i s h e r  s t a t i s t i c s  i n d i c a t e  a 
p o s i t i v e  fo ld  t e s t  (F ig u r e  3 . 1 1 ) .  T h e r e f o re ,  th e  d i r e c t i o n  which i s  
t e n t i v e l y  i d e n t i f i e d  as p r im ary  i s  a p r e - f o l d i n g ,  or  p re  E a r l y  
C a r b o n i f e r o u s - L a te  Devonian.  The same d i r e c t i o n  was a l s o  o b t a in e d  from th e  
N ar rag a l  L imes tone .  D i r e c t i o n a l  d e t a i l s  a re  g iven  in  Table  3 . 2 .
3 .8  CUGA BURGA VOLCANICS 
3 . 8 . 1  Minera logy
Near W e l l in to n  the  Cuga Burga V o lcan ics  (Tab le  3 .1 )  occur  as a 
sequence o f  c a l c - a l k a l i n e  e x t r u s i v e s .  The sequence c o n s i s t s  o f  a b a s a l  
u n i t  o f  p i l l o w  l a v a s  and b r e c c i a s  which i s  conformably  o v e r l a i n  by 
subaqueous v o l c a n i c  and l im e s to n e  b r e c c i a s ,  a r e n i t e s ,  and s u b a e r i a l  l a v a  
f lo w s ,  t u f f s  and b r e c c i a s  ( S t r u s z ,  1960).  The p e t ro g ra p h y  o f  th e  v o l c a n i c  
l a v a s  v a r i e s  from p l a g i o c l a s e  p h e n o c ry s t s  i n  a f e r r o m a g n e s i a n - f r e e  
a p h a n i t i c  m a t r i x ,  to  a p l a g i o c l a s e  and pyroxene p henoc rys t  assemblage  in  a 
g l a s s y  groundmass.  Hornblende occu rs  bo th  as smal l  p h e n o c ry s t s  and as a 
m a t r i x  c o n s t i t u e n t  ( S t r u s z ,  1960; Morton,  1974; t h i s  s t u d y ) .
The Cuga Burga V olcan ics  conformably  o v e r l i e  the  Barnby H i l l s  Shale 
and a re  conformably  o v e r l a i n  by th e  Tolga C a l c a r e n i t e  ( s e e  Chapter  4 ) ,  and 
in some a r e a s  a r e  a l s o  unconformably  o v e r l a i n  by the  Upper Devonian 
Catombal Group (Morton,  1974) i n d i c a t i n g  l o c a l  u p l i f t  and t i l t i n g ,  
presumably  a s s o c i a t e d  wi th  the  t e c t o n i c  ev e n t s  r e s p o n s i b l e  f o r  the  
e x t r u s i o n  o f  th e  V o lc a n i c s .  The Cuga Burga V o lcan ics  c rop  ou t  on the  
e a s t e r n  limb o f  th e  Oakdale A n t i c l i n e  as a t h i n  N-S t r e n d i n g  b e l t  and in
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Figure 3.9 Zijderveld diagrams of selected specimens from the Narragal 
Limestone which illustrate the nature of the various components. 
A: 0°-200° primary. B: 150°-470° primary. C: 250°-370° Mesozoic?.
D: 0°-200° primary.
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many places small scale E-W faults have overturned sections of the strata. 
Outcrop in the west is patchy, structurally complex and as a great deal has 
been removed by faulting (Figure 3.8) it was not sampled.
After palaeoenvironmental analyses of the Cuga Burga Volcanics, Morton 
(1974) ascribed a Early Gendinnian age to them based on conodont faunas 
found in the overlying formations. He also proposed that the volcanic 
sequence was deposited over a period of 10 to 15 million years, the Early 
Gendinnian age representing the termination of volcanism. The volcanics 
then, straddle the Siluro-Devonian boundary. As mentioned in section 3.7, 
the main folding occurred during the Early Carboniferous-Late Devonian 
(Kanimblan Orogeny) though minor uplift occurred pre Late Devonian,
3.8.2 Palaeomagnetic Results
A single sampling traverse through the volcanic sequence in an area 
free from local faulting complexities (32.73°S, 149.01°E; Figure 3.8) 
enabled 29 samples (66 specimens) to be collected.
The collection was subdivided, with the major portion of the lavas 
chosen for A.F. demagnetization, whereas the major portion of the breecias 
and tuffs were thermally demagnetized. Each sample was carefully 
demagnetized up to a maximum of 675°C or 200mT.
Two components were identified after cleaning, a low blocking 
temperature recent field component and a Mesozoic overprint. A primary 
component was not identified. The Mesozoic overprint (Figure 3.12A,B) was 
found in 30% of the specimens, and resided in a medium to high blocking 
temperature range up to 505°C or 60mT. It was isolated much better using 
thermal than A.F demagnetization techniques. Although both tumbling and 
static methods for A.F. were used, the results for the A.F. were never 
good. This indicates production of anhysteretic remanent magnetization 
(ARM) in the weak specimens, the presence of haematite or low coercivity 
but high blocking temperature components.
One particular lava flow (Figure 3.12D,E) produced very good thermal 
and A.F. results, though the resultant calculated bedding corrected pole 
was meaningless in relation to all known apparent polar wander paths. This 
suggests that either the local structure as interpreted is incorrect, or 
the total overlap of two blocking temperature spectra resulted in ambiguous 
results. In either case only post-folding overprints could be meaningfully 
interpreted as listed in Table 3.2.
3.9 SILURIAN SUMMARY
3.9.1 Summary of palaeomagnetic results
The new Silurian palaeomagnetic poles from both the Cowra Trough and
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Molong High are listed in Table 3.3A. Eight primary poles were identified 
from ten formations, along with fifteen secondary components. The two 
formations which did not contain a primary component were the Cuga Burga 
Volcanics (Section 3.8) and the Lower Avoca Valley Shale (Section 3.4). 
These new poles are plotted in Figure 3.13. The primary poles plot in two 
groups, the first representing a Early-Middle Silurian pole cluster and the 
other a Middle-Late Silurian pole cluster (Figure 3.13). These two 
clusters indicate a sequence of 'drift episodes' and 'quasi static' 
intervals, the two Silurian clusters representing periods of 'quasi static' 
motion. These correspond in a general way with peaks in orogenic activity, 
where the Early-Middle Silurian cluster corresponds to the Benambran 
Orogeny (Packham, 1969) and the Middle-Late Silurian 'quasi static' period 
represents the beginning of the Bowning Orogeny (Packham, 1969). The rapid 
drift episodes between the 'quasi static' intervals represent normal 
undisturbed sedimentation with no tectonic interference during drifting.
The primary poles fall into correct stratigraphic sequence with the 
exception of the Belubula Shale (Figure 3.13), which plots towards the 
Early-Middle Silurian cluster. Taken by itself no significance can be 
drawn from this, however, if it is assumed correct and future poles are in 
agreement with it, it may indicate complexities in the polar wander path. 
The two areas (Wellington and Canowindra) are similar, indicating little 
relative latitudinal movement between the two tectonic belts. However, the 
effects of the orogenic activity were experienced at in the north before 
the south as the age of the overprint magnetization is younger to the 
north. The Middle Silurian drift episode in the Wellington area is 
represented as the boundary between the Narragal Limestone (NL) and the 
Barnby Hills Shale (MB), and in the Canowindra area between the Millambri 
Foramtion (ML) and the Canowindra Porphyry (CP).
Assuming the Australian plate (including the newly forming Tasman 
Orogenic Belts) was a single plate, then the drift episode should be of 
similar age throughout the plate. This suggests the orogenic activity 
responsible for syn-depositional magnetization moved southwards with time, 
resulting in areas in the north feeling the affects of each orogenic phase 
before areas to the south.
When the secondary poles obtained from the Silurian formations (Table 
3.3A) are included, the polar track (Figure 3.13) is very similar to that 
constructed from the Ordovician data (Figure 2.13).
3.9.2 Australian Silurian poles
The Australian Silurian poles to date (Table 3.3B), when plotted 
(Figure 3.13) with the new Silurian poles (as listed in Table 3.3A),
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Figure 3.13 Summary of pole positions obtained from the Silurian units. 
Where a formation was sampled from several different localities, 
the pole obtained from each is shown as solid circles. 
Additionally, the secondary components identified are shown (open 
circles), though are not labelled for the recent field. Mnemonics 
are listed in Table 3.2. The Australian Silurian pole positions 
(Table 3.3) are shown (solid hexagons) for comparison.
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differ widely from three poles. These are the Silurian Volcanics (SV), 
Mugga Mugga Porphyry (MP) and Ainslie Volcanics (AV). A detailed 
discussion of these problems is given in Chapter 5. The most important 
observation is the definite swing from the Early-Middle Silurian pole 
position, westwards to the Middle-Late Silurian position. The eastwards 
swing towards the south east Australian area indicates that, instead of the 
two plate model, McElhinny & Embleton (1974) and Embleton et al. (1974), a 
single plate model involving a 'loop' best fits the current data.
The absence of any reference Australian Silurian polar wander path 
prevents any observations regarding block motion, rotation or refinement of 
the data; the new path is put forward as the new reference path.
The relationship of the secondary components identified from the 
Silurian formations will be discussed in Chapter 5.
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CHAPTER 4
DEVONIAN PALAEOMAGNETISM 
4.1 REGIONAL GEOLOGY
The Early-Middle Devonian of south east Australia is, in general, a 
continuation of the sedimentation style found in the Late Silurian, and 
hence there is no definite break at the base of the Early Devonian. The 
boundary between the Early and Middle Devonian is also obscure. However, 
the Early-Middle Devonian and the Late Devonian represents a major change 
in sedimentation style, from marine carbonate platform sedimentation, to 
mature quartzose conglomerate sand and silt red-bed terrestial-paralic and 
fluviatile sedimentation. Separating the two is a major unconformity, 
which was caused by the Tabberabberan Orogeny in the Central Tablelands 
Region (Packham, 1969; Hobbs & Hopwood, 1969). The Devonian orogenic 
phases and the actual nature and time of deformation is currently a very 
controversial subject (Powell et al., 1976; Rickard, 1978; Packham, 1978; 
Powell & Jones, 1978a; 1978b; Powell & Edgecombe, 1978; Crook & Powell, 
1976). There are two conflicting interpretations of the time of major 
deformation: Latest Devonian and/or Early Carboniferous (Kanimblan 
Orogeny) versus Middle Devonian (Tabberabberan Orogeny).
For this study, accurate knowledge of the time of deformation is not 
critical as the youngest rocks are pre-orogenic. As well the measured 
unconformities between the Late Devonian and the pre-orogenic formations 
(fewer than 3% exceed 30°, Powell & Edgecombe, 1978) gives an indication of 
the deformation superimposed on the underlying Lower Palaeozoic formations. 
Unfortunately, such studies are yet to be undertaken for the Silurian and 
Ordovician, so the relative tectonic corrections for each localized 
deformation event are unknown.
As mentioned, the transition between the Upper Silurian and Lowest 
Devonian is conformable, such that this boundary lies within the Wallace 
Shale (not sampled), and the Cuga Burga Volcanics (Strusz, 1960; Morton, 
1974) on the Molong High (Crook & Powell, 1976; Table 4.1), and within the 
Tenandra Formation (Ryall, 1966) on the Cowra Trough. The Wallace Shale 
becomes increasingly flysch-like up sequence (Packham & Stevens, 1953) 
which has been interpretated as reflecting the sinking of the Molong High. 
The associated deeping of the Cowra Trough (Crook & Powell, 1976) is shown 
by similar characteristics in the coeval Fairhall Formation (Savage, 1969).
In general, these lowermost Devonian units are overlain by richly
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f o s s i l i f e r o u s , s h a l l o w  w a te r  s h a l e s ,  l i m e s t o n e s ,  v o l c a n o c l a s t i c s  and f e l s i c  
v o l c a n i c s  b o t h  w i t h i n  the  Cowra Trough and Molong High.  Unconformably 
o v e r l y i n g  t h e s e  s t r a t a  a r e  Upper Devonian p a r a l i c  f l u v i a t i l e  f o r m a t i o n s .  
In t h e  Canowindra d i s t r i c t ,  t h e  y o u n g e s t  f o r m a t i o n  p r e s e r v e d  i s  t h e  Lower 
Devonian Tenandra  F o rm a t ion  ( R y a l l ,  1966) .  In t h i s  d i s t r i c t  e i t h e r  
s e d i m e n t a t i o n  c e a s e d  a t  t h i s  t im e  (which  would r e f u t e  t h e  i d e a  o f  d e e p en in g  
o f  t h e  Trough i n  t h i s  a r e a )  or  l a t e r  b l o c k  f a u l t i n g  has  removed e v id e n c e  o f  
c o n fo r m a b ly  o v e r l y i n g  younger  s t r a t a .
The o t h e r  Devonian a r e a  i n v e s t i g a t e d  was s o u t h e a s t  o f  W e l l i n g t o n .  
Here a c o n fo r m a b le  s equence  from t h e  S i l u r i a n  t h ro u g h  to  the  E a r l y  Devonian 
was sa m p le d .  Th is  E a r l y  Devonian s e q u e n c e ,  t h e  Cuga Burga V o l c a n ic s  
( S t r u s z ,  1960; M orton ,  1974) ,  t h e  Tolga C a l c a r e n i t e  ( S t r u s z ,  1960) and the  
Cunningham F o rm a t ion  ( S t r u s z ,  1960; Packham, 1968) i s  co n fo rm ab le  i n  the  
a r e a  sa m p le d ,  though  minor  u n c o n f o r m i t i e s  have been l o c a t e d  e l s e w h e r e  
w i t h i n  t h i s  s equence  (Packham, 1969 ) .  The To lga  C a l c a r e n i t e ,  s a i d  to  be a 
p a r t i a l  e q u i v a l e n t  o f  t h e  l i m e s t o n e s  o f  t h e  Gar ra  Form a t ion  ( S t r u s z ,  1965; 
J o h n s o n ,  1972) 15 km to  t h e  w e s t ,  was t h e  l a s t  u n i t  t o  be d e p o s i t e d  on the  
Molong High p r o p e r ,  f o r  though i t  i s  o v e r l a i n  by t h e  Cunningham F o r m a t io n ,  
t h e  l a t t e r  i s  s a i d  to  be s t r u c t u r a l l y  w i t h i n  the  H i l l  End Trough.  The 
Cunningham Fo rm a t ion  i s  t h e  you n g e s t  E a r ly - M id d l e  Devonian f o r m a t i o n  i n  the 
c e n t r a l  t a b l e l a n d s .
The o t h e r  E a r l y - M i d d l e  Devonian f o r m a t i o n s  sampled were t h e  Cowra 
G r a n o d i o r i t e , an S - ty p e  g r a n i t o i d  ( C h a p p e l l  & W hite ,  1974) ,  and a s e r i e s  o f  
sm al l  d o l e r i t e  i n t r u s i o n s  in  t h e  W e l l i n g t o n  a r e a .  The Cowra G r a n o d i o r i t e , 
one o f  t h e  few g r a n i t o i d s  w i t h i n  t h e  n o r t h e r n  p a r t  o f  the  Cowra Trough,  i s  
c h e m i c a l l y  v e r y  s i m i l a r  to  the  e x t r u s i v e  Wenlock ian  Canowindra Po rphy ry ,  
s u g g e s t i n g  a s t r o n g  g e n e t i c  l i n k  be tw een  the  two.  No Upper Devonian 
s e d im e n t s  were sa m p le d .
4 . 2  TOLGA CALCARENITE
4 . 2 . 1  M in e ra lo g y
S t r u s z  (1960)  d e s c r i b e d  th e  To lga  C a l c a r e n i t e  as  a t u r b i d i t e  made up 
o f  a f o s s i l i f e r o u s  s u c c e s s i o n  o f  f l a g g y  beds  ( 6 -3 0  c e n t i m e t r e s  t h i c k )  o f  
c a l c a r e n i t e s , s i l t s t o n e s ,  c a l c i l u t i t e s  , l i m e s t o n e s  and v o l c a n i c  d e t r i t u s .  
In t h e  a r e a  sampled ( F i g u r e  4 . 1 )  t h e  Tolga C a l c a r e n i t e  i s  280 m e t r e s  t h i c k  
( S t r u s z ,  1960) and c o n fo rm ab ly  o v e r l i e s  the  Cuga Burga V o l c a n ic s  ( C h a p te r  
3) ( S t r u s z ,  1960; Mor ton ,  1974) and i s  i t s e l f  con fo rm ab ly  o v e r l a i n  by the  
Cunningham F o r m a t io n .  To th e  s o u t h ,  Kemezys (1959)  has  mapped an 
u n c o n f o r m i t y  be low th e  To lga  C a l c a r e n i t e ,  though  Morton (1974)  has 
s u g g e s t e d  t h i s  i s  d e p o s i t i o n a l  s lu m ping  r a t h e r  t h a n  an e r o s i o n a l  h i a t u s .
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F i g u r e  4 . 1  The v a r i o u s  s a m p l i n g  l o c a l i t i e s  w i t h i n  Area  3 ( W e l l i n g t o n  
R e g i o n )  a r e  i n d i c a t e d  as  s o l i d  c i r c l e s .  Th r e e  De v o n i a n  f o r m a t i o n s  
were  s a m p l e d ,  t h e  T o l g a  C a l c a r e n i t e ,  Cunningham F o r m a t i o n  and a 
d o l e r i t e  i n t r u s i o n .  Sampl es  were  r e s t r i c t e d  t o  t r a v e r s e s  on t h e  
e a s t e r n  l i mb  o f  t h e  Oa k d a l e  A n t i c l i n e ,  a s  f a u l t i n g  h a s  removed 
t h e s e  f o r m a t i o n s  i n  t h e  w e s t .
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Conodonts  found by Morton (1974)  i n d i c a t e  t h a t  t h e  b a s a l  u n i t s  o f  t h e  To lga  
C a l c a r e n i t e  have a maximum age o f  l a t e  E a r l y  Ged inn ian  to  La te  G e d i n n ia n .  
Th is  i s  i n  g e n e r a l  agreem en t  w i th  S t r u s z ' s  (1960)  p roposed  E a r l y  Devonian 
age b a s e d  on t h e  f a u n a l  a s s e m b la g e .
West o f  W e l l i n g t o n ,  a c o n t i n u o u s  c o n fo rm ab le  s equence  from th e  Cuga 
Burga V o l c a n ic s  ( S i l u r o - D e v o n i a n  b o u n d a r y ) ,  t h ro u g h  the  Middle  Devonian 
Gar ra  Form a t ion  and i n t o  the  Upper Devonian Catombal  Group has  been mapped 
( C o n o l l y ,  1963; S t r u s z ,  1960) .  In t h i s  r e g i o n  th e  f o l d i n g  in  t h e  Upper 
Devonian i s  as  s e v e r e  as  in  t h e  u n d e r l y i n g  S i l u r i a n  s e q u e n c e s ,  i n d i c a t i n g  
the  main f o l d i n g  o c c u r r e d  in  t h e  E a r l y  C a r b o n i f e r o u s  (Kanimblan O r o g e n y ) . 
In t h e  a r e a  sa m p le d ,  t o  t h e  e a s t  o f  W e l l i n g t o n ,  s i m i l a r  d e f o r m a t i o n  has  
o c c u r r e d .  However,  i n  t h i s  a r e a  t h e r e  i s  a marked a n g u l a r  u n c o n f o r m i t y  
be tw een  th e  Upper and Middle  Devonian s t r a t a ,  i n d i c a t i n g  an a d d i t i o n a l  
l o c a l i z e d  phase  o f  f o l d i n g  a t  t h a t  t i m e .
On the  w e s t e r n  l imb o f  t h e  Oakdale  A n t i c l i n e ,  t h e  Tolga C a l c a r e n i t e  
has  been  removed by f a u l t i n g .  T h i s ,  t o g e t h e r  w i th  the  complex s t r u c t u r e  
w i t h i n  t h e  o v e r t u r n e d  seq u en c e s  r e l a t e d  t o  e a s t - w e s t  f a u l t s  on th e  e a s t e r n  
l im b ,  c o n f i n e d  sam pl ing  to  a s i n g l e  s equence  a c r o s s  the  f o r m a t i o n  ( F i g u r e  
4 . 1 ) .
4 . 2 . 2  P a l a e o m a g n e t i c  R e s u l t s
From t h i s  s i n g l e  t r a v e r s e  s i x t e e n  samples  y i e l d i n g  61 spec im ens  were 
c o l l e c t e d  a t  an a v e r a g e  s i t e  l a t i t u d e  and l o n g i t u d e  o f  3 2 .7 2 °S ,  149 .01°E .  
Each spec im en  was t h e r m a l l y  de m a g n e t i z e d  to  a maximum o f  675°C.  A f t e r  
i s o l a t i n g  any c o n s t a n t  d e m a g n e t i z a t i o n  t r a d j e c t o r y ,  two d i r e c t i o n s  were 
p o s i t i v e l y  i d e n t i f i e d :  a low b l o c k i n g  t e m p e r a t u r e ,  r e c e n t  f i e l d  component  
( F i g u r e  4.2C&D), and a Mesozoic component  ( F i g u r e  4.2A&B). The e x p e c t e d  
C a r b o n i f e r o u s  o v e r p r i n t  was n o t  i d e n t i f i e d  in  t h e  Tolga  C a l c a r e n i t e .  The 
Mesozoic  component  was l a t e r  d a t e d  by i t s  p o s i t i o n  on th e  b e t t e r  known 
Mesozoic s e c t i o n  o f  A u s t r a l i a ' s  p o l a r  wander p a th  ( S c h m id t ,  1976a ) .  The 
d i r e c t i o n a l  and s t a t i s t i c a l  d a t a  fo r  t h e s e  o v e r p r i n t s  a r e  g i v e n  i n  Table  
4 . 2 .
More r i g o r o u s  sam pl ing  in  some o f  t h e  f a u l t e d  b l o c k s  to  the  n o r t h  and 
sou th  w i l l  e n a b le  a p r im a ry  component  to  be i s o l a t e d ,  as  t h e  f o r m a t i o n  as  a 
whole de m a g n e t i z e d  ' n i c e l y ' ,  b u t  t h e  a b s en c e  o f  a f o ld  t e s t  p r e v e n t e d  
p o s i t i v e  i d e n t i f i c a t i o n  o f  a p r im a ry  component  a t  t h i s  s t a g e .
4 . 3  CUNNINGHAM FORMATION
4 . 3 . 1  M ine ra logy
The Cunningham Form a t ion  c ro p s  o u t  on th e  Molong High b u t  i s  more 
e x t e n s i v e  on th e  H i l l  End Trough .  This  Fo rm a t ion  i s  t h e  younges t  u n i t  in
86
ADMA29.3
SCALING: .441132*10-6 Gauss/5mm
Xaxis:X-X * Yaxis:Y-Z 
0 100 200 235 270 305 340 375 
400 430 470 505 540 ADMA30.3SCALING: .470218*10-6 Gauss/5mm 
Xaxis:X-X * Yaxis:Y-Z 
0 100 200 250 300 350 
400 450 500 550 600
SCALING: .416078*10-6 Gauss/5mm 
Xaxis:X-X * Yaxis:Y-Z 
0 100 200 250 300 350 
400 450 500 550 600
i4
ADMA25.5
SCALING: .389531*10-6 Gauss/5mm 
Xaxis:X-X * Yaxis:Y-Z 
0 100 200 250 300 350 
400 450 500 550 600
Figure 4.2 Zijderveld diagrams of selected specimens from the Tolga 
Calcarenite which illustrate the nature of the various components. 
A: 0°-250° Mesozoic ?. B: 0°-235° Mesozoic ?. C: 0°-300° recent
field. D: 0°-250° recent field.
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the Wellington area (Area 3) and has been equated, in age, with the 
Nubrigyn Limestone (Packham, 1968) and is considered a part facies 
equivalent of the Tolga Calcarenite. It is a sequence of thinnly bedded 
shales, siltstones and greywackes with some basal conglomerate lenses. The
units sampled are mainly shales with interbedded calcareous sandstones 
consisting of volcanic, igneous and metamorphic fragments of quartz and 
feldspar in a clay matrix with minor calcareous content. All the lithic 
fragments are locally derived (Packham, 1968). Packham (1968) postulates 
that the environment of deposition was non-volcanic and varied from shallow 
marine near the Molong High, to deep water marine in the central trough 
region. Current directions within the formation support this model.
The Cunningham Formation is regarded as Emsian to Eifelian in age 
(Packham, 1968) based on conodonts from algal bioherms. In the region 
sampled the Formation is up to 600 metres thick (Packham, 1968), though it 
could be much thicker as the top is not accurately defined. Metamorphic 
grade of the this Formation and the underlying Tolga Calcarenite is at most 
lower greenschist facies (Packham, 1968).
Throughout the Hill End Trough, there is an unconformity between the 
Lower and Middle Devonian strata, representing a phase of the Tabberabberan 
Orogeny. The folding episodes relevant in the deformation of the 
Early-Middle Devonian Cunningham Formation are Middle Devonian, with a 
superimposed Early Carboniferous (Kanimblan) folding.
4.3.2 Palaeomagnetic Results
Fourteen samples were collected stratigraphically above the Tolga 
Calcarenite sampling traverse (Figure 4.1) at an average site latitude and 
longitude of 32.73°S, 149.02°E. These samples yielded 70 specimens, each 
of which was stepwise demagnetized to a maximum of 673°C. Unlike the Tolga 
Calcarenite, a definite primary component was identified, as indicated by a 
positive reversals test. To get a fold test based on areas of opposite 
dip, samples would have to be collected from a region far outside the 
geographical and tectonic confines set for this study.
As well as the primary component, a recent field overprint and a 
Mesozoic component were identified. Field corrected orthogonal projections 
of several specimens are illustrated in Figure 4.3A-E to indicate the 
nature of the three components, their relationship to each other, and their 
relative blocking temperatures. As usual, the recent field component, when 
isolated, occurs in the low blocking temperature range (on average 
0°-200°C; Figure 4.3A,B). The Mesozoic component in some specimens (Figure 
4.3D) has totally remagnetized the rock, but in general can occupy any 
blocking temperature range.
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The primary component (Figure 4.3A,B,C,E) occurs in the orthogonal 
projections as a well defined characteristic direction, constant up to very 
high blocking temperatures (600°C) , above which the specimen tends to 
behave randomly when further demagnetized.
The total intensities of the shales ranges between 0.1 and 1.0 mA/ra on 
average, and up to as high as 15mA/m, with 3% of remanance left at 600°C. 
Field and bedded corrected directions and their corresponding Fisher 
statistics are listed in Table 4.2.
4.4 TENANDRA FORMATION
4.4.1 Mineralogy
The Tenandra Formation is the youngest Formation in the Canowindra/ 
Cowra area (Area 1). The uppermost part of the Formation has been 
truncated by the Canangle Thrust (Figure 4.4), resulting in the removal of 
any younger strata, and obscuring the structural relationship with the 
Upper Devonian.
The Tenandra Formation is some 600 metres thick in the area sampled, 
and consists of interbedded siltstones, arenites and shales (Ryall, 1966). 
The shales are similar to those of the underlying formations, both 
petrographically (Ryall, 1966) and in handspecimen. A single thin section 
of one of the coarse siltstones indicated quartz feldspar grains in an 
unidentifible clay matrix. Ryall (1966) noted that for the arenites, 
plagioclase feldspar (oligoclase) is dominant, with quartz much less 
abundant. As no fauna has been found in the Formation it has not been 
accurately dated. However, the underlying Belubula Shale (Chapter 3) 
constrains the age to Latest Silurian-Early Devonian. As the sequence is 
conformable from the Lower Silurian Millambri Formation (Chapter 3) through 
to the uppermost Tenandra Formation, folding must have occurred post 
Tenandra Formation time. To the east, Upper Devonian sediments rest 
unconformably on Silurian and Ordovician sediments, thus it is most likely 
folding occurred during the Early-Middle Devonian period, i.e. during the 
late Bowning or early Tabberabberan Orogeny.
The Upper Devonian sediments have been folded during the Kanimblan 
(Early Carboniferous) Orogeny, though nowhere is it possible to separate 
and measure the relative correction for each folding period. Therefore 
correction is made as though for a single total folding.
4.4.2 Palaeomagnetic Results
Nine samples producing 49 specimens were collected from a traverse 
stratigraphical1y up the Formation, from an average site of 33.63°S, 
148.78°E. Each specimen was thermally demagnetized up to 675°C. Field
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corrected orthogonal diagrams for the Tenandra Formation (Figure 4.5A,B) 
illustrate the nature of the characteristic direction. This characteristic 
direction, when meaned over the stable cleaned range, was identified as 
being primary by its position relative to the other Devonian poles.
Also, internal bedding variations within the sequence enabled 
application of a fold test, with positive results significant at the 99% 
confidence limit (McElhinny, 1964) after both field and bedding corrected 
directions were changed to the same polarity.
Stereographic projections (Figure 4.6) clearly illustrate the 
clustering after bedding correction and hence proof that the direction is 
pre-folding. The directional data for the Tenandra Formation are given in 
Table 4.2.
No secondary component was positively identified, though 
unrecognisable low to medium blocking temperature components were found in 
several specimens.
4.5 COWRA GRANIDIORITE 
4.5.1 Mineralogy
The youngest formation sampled for this project, and the only 
intrusive igneous rock sampled, the Cowra Granodiorite, proved difficult to 
demagnetize satisfactorarily. As the name implies, this rock unit is a 
granodiorite in composition (Stevens, 1952b, p.133,134), with S-type 
affiliation in its abundance of garnet (as defined by Chappell & White, 
1974). The Cowra Graniodiorite is elliptical in outline (Figure 4.7), with 
a thin eastern porphyry margin (200 metres maximum thickness). Stevens 
(1952b) suggests that "the intrusion dips to the west at a moderate angle", 
an angle similar to the surrounding Cudal Group, though there is no 
evidence for such a dip nor for a horizontal orientation. For this reason, 
both horizontal and 40° dip (dip of the Cudal Group) field corrections were 
applied to the data.
Thin sections indicate a dominant quartz, plagioclase petrology, with 
lesser biotite, orthoclase and garnet. Both feldspars show kaolinization 
and sericitization and biotite alters to chlorite and epidote (this 
study). Stevens (1952b) observed sphene and ilmenite, with minor zircon 
and magnetite. Hornblende is absent. The garnet is identical to garnets 
found in the Canowindra Porphyry (Ryall, 1966) and hence these two bodies 
are thought to be co-magmatic.
The Cowra Granodiorite is regarded as Middle Devonian in age (Stevens, 
1952b). Samples for this study were collected along a traverse starting 
from the eastern margin within the porphyry zone and extending into the
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Figure 4.5 Zijderveld diagrams of selected specimens from the Tenandra 
Formation which illustrate the nature of the various components. 
A: 200°-500° primary. B: 200°-500° primary.
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Figure 4.7 Geological map of the Cowra Granodiorite showing sampling 
localities (solid circles). Each circle represents two sites, the 
samples collected as part of a traverse which extended from the 
porphyry margin into the centre of the pluton. Adjacent to the 
granodiorite margin the Cudal Group dips to the west at 40°.
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centre of the intrusive (Figure 4.7).
4.5.2 Palaeomagnetic Results
In all, eight sites were sampled, from which 48 specimens were 
collected, at an average site locality of 33.67°S, 148.71°E. Both thermal 
and A.F. demagnetization techniques were attempted on all specimens, with 
neither giving good results. The granodiorite, for low temperatures or low 
A.F. fields (to 300°C or 25mT limit) behaved adequately, but was very 
susceptible to induced or extraneous fields. This is not a feature of a 
particular method, rather it is a feature of the mineralogy at a site, as 
specimens from one site behaved consistently better than those from a 
nearby site. At some sites the absence of magnetite, and hence the 
dominance of paramagnetic ilmenite, would account for the anomalous 
behaviour of the various sites.
Intensity ranged from 5.0 to 0.5 mA/m for initial measurements and 
decreased to 0.1 mA/m after cleaning, with susceptibilities constant (at 
24) until 505°C where they increased. Orthogonal projections of three 
specimens are shown in Figure 4.8A-C. These are three of the better plots 
and serve to illustrate the anomalous behaviour during thermal (Figure 
4.8A,B) and A.F. (Figure 4.8C) demagnetization. A final meaned cleaned 
direction for the granodiorite was then bedding corrected for a 40° dip, 
and the field corrected direction gives a direction for a horizontal 
orientation. Both these are extremes, with the real orientation lying 
somewhere between the two. The directional data are given in Table 4.2, 
and both field corrected (horizontal) and bedding corrected (40° dip) 
stereoplots of the cleaned results are shown in Figure 4.9. With cleaning 
there is improvement in k within samples and within sites. There is little 
scatter in initial directions, indicating little or no remagnetization. 
Even in the very low blocking temperature/coecervity spectra range there 
was no indication of a recent field component. The pole obtained (either 
field corrected or bedding corrected) is considered an estimate of the 
virtual geomagnetic pole (VGP) at the time of cooling through the Curie 
point. However, no other formations of similar age were sampled, so a near 
pole could not be calculated to give a more realistic pole position for the 
Middle Devonian.
4.6 DOLERITE INTRUSIONS 
4.6.1 Mineralogy
A series of small dolerite bodies have intruded the Late Ludlovian 
Barnby Hill Shales (Section 3.7) as both sills and plugs. They have had no 
effect on the surrounding host shales, either metamorphically or
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Figure 4.8 Zijderveld diagrams of selected specimens from the Cowra 
Granodiorite which illustrate the nature of the various 
components. A: 430°-470° primary. B: 0°-330° primary. C:
200°-400° primary.
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Figure 4.9 Field and bedding corrected directions for the Cowra 
Granodiorite. Stevens (1956b) suggests the Cowra Granodiorite
dips to the west at the same angle as the surrounding Cudal Group 
and therefore a 40° dip was used for bedding correction. It is 
more likely that the pluton is horizontal and therefore the field 
corrected direction is taken as the primary direction. Open 
circles - negative dips. Equal angle projection.
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structurally. These dolerites are made up of plagioclase, pyroxene and 
chlorite as the dominant minerals, with accessory ilmenite (Strusz, 1960). 
The ilmenite, although paramagnetic did not noticably effect the 
demagnetization, indicating the presence of magnetite in the mineral 
assemblage. Strusz (1960) suggested that because of their petrological 
affinity and field relationships with the Cuga Burga Volcanics they are 
probably contemporaneous with the volcanics, and therefore the dolerites 
are considered to be Late Silurian to Early Devonian in age.
4.6.2 Palaeomagnetic Results
Six samples were taken from a single dolerite body (at 32.71°S, 
149.02°E, Figure 4.1). These yielded 13 specimens which were divided into 
two separate groups for A.F. and thermal demagnetization. After cleaning, 
and analysis of the characteristic direction, a low blocking temperature 
VRM, later identified as a recent field component, and a stable primary 
component were found. Orthogonal diagrams of two specimens are included to 
show the nature of the recent field and primary components during 
demagnetization (Figure 4.10A,B). If the dolerite intrusions are assumed 
to be contemporaneous with the Cuga Burga Volcanics, the dip of the 
Volcanics could be used for bedding correction of the sampled dolerite. 
However, as the Volcanics and Mumbil Group are conformable, and the latter 
has clearer structural control, the dip of the Mumbil Group was used for 
bedding correction of the dolerite. On bedding correction, the directions 
moved together, with no change in k, which is to be expected (Table 4.2) as 
the specimens were all from one site.
Initial intensities of remanent magnetization were in the order of 20 
to 40 mA/m. The pole obtained is an estimate of the virtual geomagnetic 
pole (VGP).
4.7 EARLY - MIDDLE DEVONIAN SUMMARY 
4.7.1 Summary of the Palaeomagnetic Results
Five formations (including two intrusives bodies) of possible 
Early-Middle Devonian age were measured, four of which yielded a primary 
direction. The Tolga Calcarenite did not contain a primary component 
(Section 4.2). No fold test, in the sense of comparing the magnetization 
of beds of opposite dip, was possible for any of these units. However, 
internal bedding variations enabled identification of primary directions in 
two of the formations (Section 4.3; Section 4.4). The other two poles are 
VGP's and were obtained from the intrusive rock units (Section 4.5; 
Section 4.6).
Both the recent field component and a Mesozoic overprint were
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Figure 4.10 Zijderveld diagrams of selected specimens from the dolerite 
intrusive which illustrate the nature of the various components. 
A: 120°-250° primary. B: 120°-300° recent field; 250°-430°
Devonian.
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i d e n t i f i e d  in  some o f  th e  fo rm a t ions  ( S e c t i o n s  4 . 2 ,  4 . 3 ,  4 .6  and S e c t io n s  
4 . 2 ,  4 .3  r e s p e c t i v e l y ) .
When p l o t t e d  as p o le s  th e  four  p r im ary  p o le s  p l o t  in  a lo o s e  c l u s t e r  
( F i g u r e  4 . 1 1 ;  Table  4 .3A ) .  These p o le s  a r e  n o t  in  c o r r e c t  s t r a t i g r a p h i c  
o r d e r  a c c o rd in g  to  t h e i r  d e p o s i t i o n a l  age .  In t r u e  s t r a t i g r a p h i c  o r d e r  
t h e y  would p l o t  ( o l d e s t  to  y o u n g e s t ) :  d o l e r i t e ,  Tenandra Form at ion ,  Tolga 
C a l c a r e n i t e ,  Cunningham Format ion and Cowra G r a n o d i o r i t e . Rather  than  
a t t e m p t i n g  any e l a b o r a t e  a p p a re n t  p o l a r  wander p a t h ,  I  s u gges t  th e  Devonian 
p o l e s  be a v e ra g e d ,  th e  s c a t t e r  r e p r e s e n t i n g  th e  e f f e c t s  o f  E a r ly -M idd le  
Devonian o ro g e n ic  a c t i v i t y  o c c u r in g  a t  about  the  same t ime as th e  fo rm a t ion  
o f  t h e s e  u n i t s .  For the  Molong High and Cowra Trough t e c t o n i c  zones th e  
E a r ly -M id d le  Devonian p e r io d  i s  c h a r a c t e r i z e d  by a u b i q u i t o u s  o v e r p r i n t i n g  
which o b scu re s  the  p r im ary  p o le  p o s i t i o n  ( a s  ev idenced  by th e  u n d e r ly i n g  
S i l u r i a n  and O rd o v ic ia n ;  F ig u re  4 . 1 1 ) .  S eve ra l  o b s e r v a t i o n s  can be made 
from the  g e n e r a l  p o s i t i o n  o f  th e  four  E ar ly -M idd le  Devonian p o l e s :
(1 )  An e s t i m a t e  o f  the  t r u e  a t t i t u d e  o f  th e  d ip  o f  th e  Cowra 
G r a n o d i o r i t e  from the  a p p a re n t  p o l a r  wander pa th  i s  n o t  p o s s i b l e ,  and
(2 )  An E a r ly -M idd le  Devonian age ,  i n s t e a d  o f  a Late  S i l u r i a n - E a r l y  
Devonian age ,  f o r  the  i n t r u s i o n  o f  t h e  d o l e r i t e s  b e s t  f i t s  w i th  the  
c a l c u l a t e d  po le  p o s i t i o n .  This  i s  n o t  g e o l o g i c a l l y  p o s s i b l e ,  s u g g e s t i n g  
e i t h e r  th e  po le  as measured r e p r e s e n t s  th e  t ime the  d o l e r i t e s  passed  
th rough  t h e i r  Cur ie  p o in t  from an unknown te m p e ra tu r e  o f  a p p ro x im a te ly  
1200°C (which i s  u n l i k e l y ) ,  o r  th e  d i r e c t i o n  i s  secondary  and r e p r e s e n t s  
th e  u b i q u i t o u s  E ar ly -M idd le  Devonian o v e r p r i n t .  The secondary  components 
o b t a in e d  from th e  Devonian fo rm a t io n s  (T ab le  4.3A) conf irm th e  p r e v i o u s l y  
de te rm ined  shape fo r  the  a p p a re n t  p o l a r  wander pa th  ( F ig u r e  4 . 1 1 ) .
4 . 7 . 2  A u s t r a l i a n  Devonian Po les
When th e s e  new p r im ary  and secondary  p o le s  a r e  p l o t t e d  w i th  the  
a v a i l a b l e  A u s t r a l i a n  Devonian p o le s  (Tab le  4 . 3 B ) ,  t h e  a p p a re n t  p o l a r  wander 
pa th  i s  i n  agreement  fo r  most  p o le s  ( F ig u r e  4 . 1 1 ) ,  w i th  th e  n o t a b l e  
e x c e p t i o n  o f  t h r e e  p o l e s ,  S i l u r i a n  V o lcan ics  (SV),  Mugga Porphyry (MP) and 
A i n s l i e  V o lcan ics  (AV) (F ig u re  3 . 1 3 ) .  A d e t a i l e d  e x p l a n a t i o n  o f  th e  
p o s t u l a t e d  r e a s o n  f o r  the  p o s i t i o n  o f  t h e s e  p o le s  i s  g iven  in  Chapter  5.  
In b r i e f ,  t h e  AV and MP p o le s  were n o t  bedding  c o r r e c t e d ,  and w i th  an 
a p p r o p r i a t e  bedding  c o r r e c t i o n  th e  AV p o le  moves towards th e  SV p o le  and 
th e  MP p o le  moves towards  th e  M idd le -L a te  S i l u r i a n  r e g i o n  o f  th e  new 
a p p a re n t  p o l a r  wander p a t h .  A lso ,  i t  i s  p o s t u l a t e d  t h a t  the  SV and AV 
p o le s  a r e  in  f a c t  secondary  n o t  p r im ary  p o le s  as t h e i r  g e n e r a l  p o s i t i o n  i s  
in  agreement w i th  the  u b i q u i to u s  Devonian o v e r p r i n t i n g  e p i s o d e ,  r a t h e r  than  
in  agreement  w i th  t h e i r  known s t r a t i g r a p h i c  age .  ,
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Figure 4.11 Summary of pole positions obtained from the Devonian units 
are indicated as solid circles. Additionally, the secondary 
components identified are shown (open circles), though are not 
labelled for the recent field. Mnemonics are listed in Table 4.3. 
The published Australian Devonian pole positions (Table 2.3) are 
also plotted (solid hexagons) for comparison. Several unpublished 
poles (Schmidt, 1976a; Goleby, 1977b) are also shown (solid 
triangles) .
103
Positive fold tests from two of the formations, the Cunningham 
Formation and the Tenandra Formation ( both significent at the 95% 
confidence limit, Table 4.2; McElhinny, 1964) support a low latitude 
position for Australia involving polar wander about a large ’loop’ (Figure 
4.11).
During the Early-Middle Devonian there was a small degree of polar 
wander, or 'quasi-static' interval as defined by Briden (1967a), both 
preceeded and followed by drift episodes, as defined by Irving (1966). The 
'quasi-static' interval appears to correlate with the time of orogenic 
activity.
Difficulities in distinguishing the primary component from any 
secondary overprint associated with contemporaneous orogenic activity were 
compounded because the formations investigated were deposited about the 
same time as the onset of this orogenic activity. Two of the formations 
sampled were Devonian intrusions and are related to the orogenic activity. 
These should indicate Devonian VGP's, however there true orientations are 
not accuratly known. Geological evidence indicates the Dolerite ( Section 
4.6) has the same dip as the host Barnby Hills Shale at the site sampled. 
However for the Cowra Granodiorite (Section 4.5) although it has been 
reported as having a similar dip to that of the surrounding Cudal Group, 
recent work on the Bega Batholith (Chappell, pers comm.) indicates there 
is little evidence that any of the plutons have been tilted since 
intrusion. The Cowra Granodiorite directions used for calculation were only 
field corrected. In Table 4.2, the directions were also bedding corrected 
using the dip of the Cudal Group.
All formations measured therefore have tentatively yielded primary 
directions, the spread however is explained by local disorientations, and 
the spatial interference of the acquisition of the primary component and 
the onset of orogenic activity.
A better indication of the true Devonian pole would be obtained by 
meaning the VGP's obtained from the intrusions and the two formations with 
fold tests.
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CHAPTER 5
AUSTRALIA'S EARLY PALAEOZOIC APPARENT POLAR WANDER PATH
5.1 SUMMARY OF THE NEW DATA IN LIGHT OF AUSTRALIA'S POLAR WANDER PATH
5.1.1 Summary of New Data
The final primary directions for the Ordovician, Silurian and 
Devonian, as obtained from this study, are shown in a combined
stereographic projection (Figures 5.1, 5.2). Figure 5.1 illustrates the 
changes in direction both before and after bedding correction, and 
includes the Fisher (1953) statistics (Table 5.2) for the mean of these 
directions. Each point represents a sub-area within a formation where 
there is either a structurally different area or the formation has been 
subdivided into a number of lithologically distinct horizons, with 
different polarity. Each of these sub-areas was corrected for polarity, 
then meaned, giving unit weight to each sub-area, to document the fold 
test. The statistical significence for each fold test was then computed 
using the tables found in McElhinny (1964).
However, for the calculation of a pole position all specimens were 
used in the mean, giving unit weight to each specimen. The unit weight per 
area mean (points plotted in Figure 5.1) and the unit weight per specimen 
(or horizon in some cases) mean for the Ordovician formations are given in 
Table 2-2; the Silurian in Table 3-2; and the Devonian in Table 4-2. 
Figure 5.2 shows the combined secondary components, and their age, as 
obtained during this study. For simplification only the primary and 
secondary bedding corrected components are listed in Table 5-1. A detailed 
list showing the field corrected and bedding corrected results for each 
formation are given in Tables 2-2, (Ordovician); Table 3-2, (Silurian); and 
Table 4-2, (Devonian). In these tables the Fisher Statistics for both 
before and after bedding correction are given to indicate the significence 
of the documented fold test. Readers are refered to these tables. The 
primary and secondary palaeomagnetic poles obtained from each formation, 
when plotted (Figure 5.3), can be connected by a single apparent polar 
wander path. The mean pole positions (Table 5.2) are also shown as 
reference on this path.
The oldest poles obtained that can be regarded as accurate are Late 
Ordovician (Table 5.1). These two poles plot together, and are
significantly different from the Middle-Late Ordovician pole position 
(Figure 5.3). Uncertainties in tectonic orientation of these two poles, and 
the absence of any fold test, limits their reliability.
The Middle-Late Ordovician pole position, consists of three well 
defined poles. Two poles have a statistically significant positive fold 
test, with very small polar error (Table 2-3).
The Early-Middle Silurian pole position, and the Middle-Late Silurian 
pole position are again both well defined. The position of the latter pole 
position indicates the start of a 'loop' (Figure 5.3), which eventually 
swings back to connect with the Early-Middle Devonian pole position.
The Mesozoic cluster of poles (Figure 5.3) was dated, by its position 
on Australia's Mesozoic polar wander path (Schmidt, 1976a; 1976b; 1976c; 
Embleton & Schmidt, 1977). A more definite age could not be obtained 
because (1) The scatter within these secondary poles is too large to define 
a true position, and (2) there is conjecture as to the true shape of the 
Mesozoic path for Australia. Recent work by Agarwal (1980) has shown a 
remarkable similarity in the general trend of the Mesozoic polar wander 
paths for each of the Gondwana continents. B.J.J. Embleton and P.W. 
Schmidt (pers. comm., 1979) are finding similar results for Australia which 
suggest a loop or series of loops during the Mesozoic.
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ORDOVICIAN /j\
FIELD CORRECTED 
DIRECTIONS
BEDDING CORRECTED 
DIRECTIONS
N * l l  
K « I3 .8  
A 9 3« 12.73 A 9 5 * 6  10
SILURIAN
FIELD  CORRECTET 
DIRECTIONS
BEDDING CORRECTED
K *  14 3
A 9 5  * large A 9 5  ■ 9  21
DEVONIAN
BEDDING CORRECTEI 
DIRECTIONS
FIELD  CORRECTED 
DIRECTIONS
Figure  5 .1  Summary o f  magne t ic  d i r e c t i o n  o b ta in e d  from t h i s  s t u d y .  
Each p o i n t  r e p r e s e n t s  a s u b - a r e a  w i t h i n  a fo rm a t ion  g i v i n g  u n i t  
weight  per  a r e a .  The r e s u l t s  fo r  each p o in t  ( s u b - a r e a )  a r e  g iv e n  
in  Table 2 -2 ,  ( O r d o v i c i a n ) ;  Tab le 3 -2 ,  ( S i l u r i a n ) ;  and Table  4 - 2 ,  
(D evon ian ) .  Open c i r c l e s  -  n e g a t i v e  d i p s .  Equal an g le  p r o j e c t i o n .
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SECONDARY COMPONENT 
--?> „  DIRECTIONS
DEVONIAN
COMPONENT (SIL.ORD)
PRESENT FIELD ( ORD.SIL, DEV)
MESOZOIC
COMPONENT (ORD.SIL ,DEV)
SILURIAN
®  COMPONENT (ORD)
F ig u re  5 . 2  S t e r e o g r a p h i c  p r o j e c t i o n  showing th e  combined s e co n d a ry  
d i r e c t i o n s  o b t a i n e d  d u r i n g  t h i s  s t u d y .  The r o c k  ages  from which 
the  o v e r p r i n t  d i r e c t i o n s  were o b t a i n e d  i s  a l s o  shown. Open 
c i r c l e s  -  n e g a t i v e  d i p s .  Equal  a n g le  p r o j e c t i o n .
T
A
B
L
E
 
5
.1
 
-
 
P
A
L
A
E
O
M
A
G
N
E
T
IC
 
D
A
T
A
107
OOO O M O O l r ^ c o < j - m O O O O o  o> cn co o 3 ( 0 3 3 1 0  00 0110 O '00 CO CO r-H 00
z CO<t OO ^N O < t  oo r -  LiO CO WCTNCN c o < t c o o -3- C N O l O N D O O N 3  3 - 3 "  r-1 .—I O
L—4
00 OO <J-co UO W  CN ■—i c/o -—* -3" •—^ 00 ^ 0 1 1 0 3 0 1 3 1 0 3 3 - CN O  ------ --- 0 0
rH *—H »-H r—H •—H r-H CO ’---' »rH r-H •-- ,
co oo r-<VO CN • 3 - 0 0 0 0 0 CN CN O  O < N m —i o N O u O M O iC O iO O l CO O  lO  O l O  1 0
cu r -  (T \ \ D  ’—1 CN r ^ m < t c N —1 CNvO vO c o < j-u o r ^ CN 3 0 1 0 3 0 3 1 0 3 3 0 3 0 1 — 3 )
M
m o CO CN uo CN CO CN ■—1 v£)<f-CNCN 4 3 3 3 CTs COIOOOCOUOCOCNCO CN O i O l 3  CO 3
i—, CO rH rH
w
0 vO r~~* r-HOOUO 00 LOvCXf m < l- r ^ c N <tCN O iO i CO 3 0 N 3 3 3 W 3 <-H O  CN O i lO 00
o
S3
CN O N \ D 3 c o N fc r ,-—< 3 3 0 1 0 1— 1/0 00-3- C N O N I N 3 0 0 1 3 O  UO ■—1 00 O  33
3 0 0 4 3 O i 3 r O N c n o o o m oo i oo l<o o i O', >—1 ■—l -3" 00 COi CN CTi O  O ' r-H 0  CN CN
O CN CN CN CN CO CN CO L/0 c/0 I/O Nt* c O N fO ir , CO r '- r - '- O L n io o o r - '- v o 3 0 0 C N O U O 3
*-) CO CO CO CO CN CN CN CN CNCNCOCNCNCNCNCN
/—N
Z 3 0 O N C S i—I CN O  uO 0 -3 - -3 -0 0 m r^ c N u O CO i O O 3 3 " 3 N 0 ' O O ' CO CO >—! CN 35
o < f  CN C N 0 3 I/O 3  O  CN o - o o  co 00 •—IO O O lO m o u o c o c o io i c o io 3  LO — 1 CO 33 O
H
<
W
ITlCO
o i z
CO
H
H
O
w  
06 
W  M  
Q
>-i
06
C
H Z
O 1-t 
2  06 
M Q-i
Q 
W 
H  
H  O  
O W 
W Z 
Q Z  
O  
o
2
O
M
z
oz
w
zz
z
o
M
o
W
O  CN CO 00 O l LOlOOOrH C O < f H 3 lO vD »—< kO
»-H r-H 
1 1
r—H CO 3 "  < t  CO
1 1 1 1
3  co 3  lO  
t i l l
n m n v o
1 1 1 1
rH rH 00 0  3 ) O ' r— 00 lO O lO C N O rH 3  LO O
O C Ji CN CO 3 3 L 0  31L0 lO  00 33 CN 33 CN O l O
3 3 0 CO CN LO L 0 3  3  CN .—1 33 3  LO 3 ) 0 3 0 1
- -1 r-H rH
CN rH 33 O- *—1 a ic o N fo o 33 CN 10 3 )  CN O l O-
- 3 - 0 OO CO rH CO r-H CN 3 0 0 0 - 0 CO O  CN 33
CN I/O CN 3 )  CN 33 CN lO  O ' CN LOCO rH O C O lOCN
f—H rH
r-H 00 OO 00 rH H C O O C O H O N O O C N C N O O
0OCT1 U O rH < f 3 C 0 L O 3 1 0 3 3  rH 00
CN < f OO CN r-H 1—( CO 0  *—1 LO O  CN rH 3 *  ’—1 OO *—1
UO LO 
1
UOIO IO
1 1 1
1---I rH 1
1 1
rH CO CN 
1
c o c o  3
1 1
O l 3 ) -3" LOLO 0 - CN 1 CN 33 00 00 01 a i r ' 00 00
LOr—t 0 0 0  33 rH 33 3 "  LO 3  —133 33 rH 3  CO O '
LO 00 O l 3 )  O l lO O C O C N rH 10 33 00 H C N C N 3
CN CO LOLOLO 3 3 "  COLO CN CN OlOO O O H I O
CN CN CN CN rH rH CO CO CO rH
LOlO CO 1—1 CN C N 4 0 1 0 1 O l O  1 OO 33 00 O ' rH
CN Z 3 3  33CO rH CN ’-- * rH 3  CN O- »-H r-H
Z
C
I—I
o
M>
o
Q
C Z  Z
w c Z c/3 3<U J W c > I—I
CCLi h O O H Z Q H cOWihPhC W pQZ OZW  
3 e Z > < O Z < 2 Z Z Z « Z Z O Z O ; £ O Q O O H
O
• O  • M
x) 0 6  w c/3
COhJ >M-(
C  gLM w  
W mfe 3^1 
•u  H  >
C C O
o  
H  
t—I
<U CO > ^C  •
• r - i  • Z  CO g
• g cd c/5 W Z  «  
HQ g W z H H  
Q W CO C Q
Z Z C d W  H  W)H -rl r-lQ CJ r H 0 M
O C  w I CI—I C2 <D Pi cd cd I x)
C  c o w  <u 3  o  I h z h  c w  c  o z  I
>-• CUWX) ÖÖ-tH CO g 3 OOH-rl o <h >h
W -H r - |Q L M  C . - t J 'O  COW O Q  3  > 4 - J - r l W
Wr-iZQ D O 3 Z Z 1  d MP OC c/i z  Z
< h  H ' p I h  w X  u h h  w i—I c  o  E C
W cOu S h  10 C W O-rl (1) COS <0 * Z  D W O O 3 OJ
:sZ  O S C  Z Z « Z  O Z O Z  Q O O H
>  
w  •
Q  c/i
3
w  )h • g
W  4-i X5 Z  * 
Q  C  O 0  
H C gW  
CO CO
0 ) Ih Z  c0 
L I Ü  W)Pl
H c x)
>H CO-H c  
<U M 3  CO 
C C
co
I
lO o o r ^ v o m o o O H  
3 3 co3 lo3>po3  
I I I I I I I I
c o c n o i ^ c o o i  
lO vO iO C O cD lO  
I I I I I I
CN sJ-O M O C -i-H -H O M O  O- O l O  CN CO rH
co N r ^ < f N O H O i s- o  cN o -  •—I cm oo
I^O N -O 'cO C O vO iO vO  0 0  0 0  LO O l CN O l
CO
H
z
w
z
o
w
z
o
CJ
06
c
Q
z
o
o
w
co
3 00 00 CN 00 00 CN CN CO H i n o v D O s t
O f ^ o i r H O ' r H 3 C 3  
3 3  3  CN CO C' CN
CN O'* CN 00 3 )  CO 
rH I—H CO ’-- * 0O *-- I
O  OOCNiHOvONsfO O lH in O c O O  
O  3  CN O  O  CN 3  3) l/1 r—I OnN  OO OO On
33 r H d l — NCNCTM NlTi 
I •—I CN CN CO •—I I
I I I I I
O lO lO N C O lO  
I—  3 3  o -  o - 1' '  O '
I I I I I I
CO O s f O C O O O s j - O  < | - N v r ) O O N N
3  0 ^ 3 3 3 3 3 3 1 / 1 0  N f O s t N O N
CO
CO
CN
----------------
CN CN L /l-H  CN 3  1—I CN 
COCOr-HCOCOCOCOCO
v f  O l H O N N
•—icN3 o-i/i 
co
uo H vO C O sfC O O lvO s t- O ' I— h it iv o o o  
’—, cN ’—* -4-•—*
O O O O H OO
<  O C O u iO P O O Z O O O O O  
H Z H H Z W > W O Z c/ 3 M W Z « W O Z  
Z Z Z C 2 Z < O O O p Q Z O S O Z H O  
I—i i —I w  z
06 • 06 • • 06 • •
W  x3 W  • x 5 co W  - 0 r H  *
06 deicH  c  • • Z  • <u t> • o o 3  •
W < G W M - i< J  w  n  g r - i O o i < j >  ' d i g
>  > 3  gcoWwWct) W c/i pi W
OwOH-UW > Z  o- -U cd W cd 
3 3  • (U U h C/3 (U 3  00 O g
Z  cd Z 00 cd • H 3* 3 ,—I C-3 C3 cx3 V—i ,—i,—I cd
<3 co <3 C  co pi -H C-H cd I—i*h co 3 cd cd Z
m  cdM o cdw cdx) cuZr—iOx) cd« 3 0  00 
3  O Z h  0) g  O 0 3  3CNOCU OO 3
l—J r—I o  T~I r- 1  3  O g  4 —1 , P  C3  g  1—( 3  3  3 * 3
W W > 3 W r —i > O ( U C 0  3CO OW 003 003 
W W 00 r-4<; 3-r-l O r-iW  3  00 3^-1 3
C04- I Q3-M-H • 3 H 3  5)53 cdu 3  3  O 3
S C 2 2 J U U O «  O S O Z H O
TA
BL
E 
5.
2 
- 
ME
AN
 P
AL
AE
OM
AG
NE
TI
C 
DA
TA
108
CM CM CM CM CM CM CM CM
*—i lO  CD CD < 4 • i—1 • fM • H  ■ i—1 • H  • i-t • i-t • i- l
h - l T l C O H i^ o n X3 X )  X )  X ) X )  X )  X3 X3
Q
0 0  0 0  ON CN ON r—1 0 O 0 0 0  o o o
CO rH l o o m o L/D O  L/D O
r—1 I---1 CN CN CO CO < 4
CN •—1 •—1 CN — t o o
CM c n c o ^ c o O O Ml Mi Mi Mi Mi Mi Mi Mi
Q • • • • • • O  O  O  O O  O  O  O
v D v f v t C ' I /O .— I LH LW MM L4—| l m l m m m l m i
r-H I---1 w
—s • o ON CN O  ON '—1 < 4  lid  CO < 4
U CO w » • • • • • • • •
0 O M O O O O vOOO O  00 i->* »-H »—1 ON ON ON i-H L/D O
v—/ o m - c f  cN < 4 Cm  q: 4 C O H O ON ON 0 0  0 0
O . • . . • • o CO CO c o  c o CN CN CN CN
z ON 1—  CO CN CN W  X
o H c o i r u n c o x
XI CO CN C N »—1 o
C M ^ '
co CN CO 1—1 CN O < 4 v O < 4  <-h i
^—N 3 o • ♦ • • • • • • •
z C O < t ND CN CN ✓ (O CN CO CO CN .—i o n  lid
o r H c s n o N < 4  0 Z  4-1 cO i r '- . r—- r— vO v o  n d
N_✓ • • • • • • cd
H vO o o  c o O c O X
<3 c o  - 4 UDLCD •
X I 1 1 1 1 1 c o
w N
XI w O O
o O  ON ON ■— l CO c o < 4 O •0 • •
UD i-H »—i r — H u D < 4 Pm C O w o CO
o n . . . • Z • • o  oo < 4 UD
<3 vO 0 0  ON 0 0 w ON NO CM Cm c CO CO
CN z 23 o
o W X
CM X) x■—1 0O NO CN 23 r -  o n C o• • • i O • • cd CM/'-v
fc*S r ^ r ^ o o - —i o l£><4 CO o O
L/D CO C N .—l CN > Oo • •
>A <3 X'w' o r-H
p 4 O  4-1 0 0
< Q cdQ W X
Z H
XI m c o c N - 4 - a 0 0  u o O
o . . . • o • • w
z 1 0  0 0  0  4 w CN cO pc
1—1 m  l •—i cN CO 1 r - . DC C p«i
1 1 1 1 o cd oo • H o
1 W > r-H
w O O c
XI »—H O n .—h ON r - -  vO oC <3 r-H CD
o . . . . • • X) 2
w r—1 L O  O N  O L /D O 3
Q u d < 4  — tc N CN CN X CD
CN CO CO 4-1
• cd
• W XI
r—1 • •
• • H  • > >
"O  CO r— l (D CD
Mi - H  Q Q to
O  CD MO Mi •
*— i OJ CD to o
(i)-d o h r-H Z x : r-H
4_> x) 4J x3 X) o a, o
cd-r-i cd x ) X) 1—1 Mi >
wo
xi 23 - i-h
1 1 1 23
cd a) l
• h a23-H
H W 
<  23
o
CM a)
< 1 o § 3 • rHi— 1 tO r—1 tD t o  N 2  z cd r-H
X3 t— 1 x )  r— 1 r— • O o 00 CO
X) M T 3  M Mi cn [Mi 00 a
•M  Cd-H  Cd cd a) 3 • »H
23 W  23 W MJ23 23 <c
109
CCL
MIDDLE-LATE 
ORDOVICIAN
M-Dla t e  U A V S
SILURIAN
MPAO
EARLY-
SILURIAN
CCLO
EARLY- 
MIDDLE I 
DEVONIAN
MESOZOIC
LAVSO
RECENT
FIELD 1 2 0  }E
t H Q /C B V O
F i g u r e  5 .3  The p r im a ry  ( s o l i d  c i r c l e s )  and s e c o n d a r y  (open  c i r c l e s )  
po le  p o s i t i o n s  o b t a i n e d  d u r i n g  t h i s  s t u d y  combine to  form a 
c o n t i n u o u s  a p p a r e n t  p o l a r  wander p a th  from th e  O r d o v i c i a n  th ro u g h  
to  the  Mesozo ic ,  as  i l l u s t r a t e d .  The s e c t i o n  o f  t h e  p a th  be tw een  
the  Devonian and Mesozoic  may n o t  be c o n t i n u o u s  and t h e r e f o r e  i s  
l e f t  as  a g a p .  The mean p o l e  p o s i t i o n  (T a b le  5 . 2 )  f o r  each  t ime 
p e r i o d  i s  i n d i c a t e d  w i th  s o l i d  t r i a n g l e s  f o r  mean p r im a ry  
d i r e c t i o n s ,  and open t r i a n g l e s  fo r  mean s e c o n d a r y  d i r e c t i o n s .  The 
two Lower O r d o v ic i a n  p o l e s  (WA, MPA), marked w i th  a c r o s s ,  p l o t  
ou t  o f  s e q u e n c e .
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suggest a loop or series of loops during the Mesozoic. Both these results 
indicate complexities in Australia's Mesozoic that have yet to be fully 
understood. The mean Mesozoic pole position may fall on either the 
Permo-Carboniferous or the Cretaceous segment of the pole path.
The only other component identified is a strong recent field 
component. It plots (Figure 5.3) off the expected dipole position, 
suggesting (1) This recent field component doesn't represent the present 
dipole field but rather a previous field, presumably Quaternary or Early 
Tertiary , or (2) the offset may represent secular variation of the dipole 
field at the time of acquisition of this component.
The four Palaeozoic pole posit ions, together with the Mesozoic? pole, 
define a stratigraphically continuous pole path for south east Australia. 
For better comparison, this pole path is rotated with Australia according 
to the Smith & Hallam (1970) Gondwana reconstruction model (Figure 5.4). 
The single stratigraphically continuous path connecting each of these mean 
pole positions fills in a gap in the understanding of Australia's movement 
during the Early Palaeozoic. Climatic and geological implications of this 
path will be discussed later, after comparison with other Australian data, 
and data from the other Gondwana continents.
5.1.2 Australia's apparent polar wander path revised
Ambiguities and the lack of data have resulted in three equally viable 
apparent polar wander paths. The first was proposed by McElhinny & 
Embleton (1974) and Embleton et al. (1974) and invokes a two plate 
tectonic model to account for an apparent 90° difference between the 
palaeomagnetic poles from south east Australia (SV, MP & AV; Figure 5.5) 
and the simplest interpretation of data from the stable central Australia 
craton (Figure 5.5).
Schmidt & Morris (1977), by reversing the polarity of the 
Cambro-Ordovician poles, constructed a single apparent polar wander path 
using all the available data (Figure 5.6). The advantages of this model 
are that a single, stratigraphically continuous path can be drawn through 
all data points, and angular distance between the Ordovician and the 
Silurian sections requires less than 90° angular movement.
The third interpretation (Morel & Irving, 1978 ; path 'Y ' ) involves a 
sequence of three 'loops', one during the Cambro-Ordovician, another during 
the Siluro-Devonian, and a third during the Late Devonian (Figure 5.7).
The first of these interpretations (McElhinny & Embleton, 1974) is 
used here for comparison with the new data (Figure 5.8).
Ordovician
The new Ordovician poles plot in the same region as the Ordovician
Ill
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Figure 5.4 For comparison, the new pole path (Figure 5.3) is rotated 
with Australia back to the Gondwana landmass according to the 
Smith & Hallam (1970) reconstruction. The Ordovician and Mesozoic 
sections compare favourably with pole paths constructed, for these 
time periods, from the other Gondwana continents (see Figure 5.11 
for comparison).
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PATH _ 120} E
Figure 5.5 The pole path for Australia as proposed by McElhinny & 
Embleton (1974) and Embleton et al. (1974). By this
interpretation the apparent 90° discrepency between the pole 
positions from central Australia and those from South East 
Australia is explained by a 'two plate theory'.
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Figure 3.6 The pole path for Australia as proposed by Schmidt & Morris 
(1977). This path was constructed by reversing all the Australian 
Early Palaeozoic pole positions to form a continuous single path. 
It includes all the Australian data points.
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'DV{SV
F i g u r e  5 . 7  More l  & I r v i n g ' s  ( 1 9 7 8 )  a p p a r e n t  p o l a r  wander  p a t h  f o r  
Gondwana ( p a t h  ’ Y' ) .  T h i s  p a t h  i s  l a r g e l y  b a s e d  on A u s t r a l i a n  
p o l e s .  S e v e r a l  d i s c r e p e n c i e s  i n  t h e  p o l e  p o s i t i o n s  u s e d  t e n d  to  
d i s c r e d i t  s e c t i o n s  o f  t h i s  p a t h .
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p o l e s  from c e n t r a l  A u s t r a l i a ,  w i th  th e  e x c e p t io n  o f  two E a r l y  O rdov ic ian  
p o le  p o s i t i o n s  (WA & MPA; Table  5 . 1 ;  F ig u r e  5 . 8 ) .  U n c e r t a i n t i e s  i n  the  
l o c a l  bedd ing  have been sugges ted  f o r  t h i s  anomalous b e h a v io u r  ( S e c t i o n s  
2 . 1 , 2 . 2).
The t h r e e  new M iddle -La te  O rdov ic ian  p o le s  (CCL, MG & AT; Table  5 . 1 ;  
F i g u r e  5 . 8 )  p l o t  on the  c o r r e c t  s e c t i o n  o f  th e  p a t h .  E r r o r s  a s s o c i a t e d  
w i th  t h e s e  p o le s  a r e  small  (A95 f o r :  CCL = 3 . 2 8 ° ,  MG = 2 . 3 0 ° ,  AT * 5 .6 6 ° )  
and as th e  l a s t  two p o le s  has  a p o s i t i v e  fo ld  t e s t ,  l i m i t i n g  the  age o f  
m a g n e t i z a t i o n  to  p r e - f o l d i n g ,  th e  p o l a r  e r r o r s  a r e  a l s o  s m a l l .  However, 
t h e s e  new p o le s  p l o t  some 20° n o r t h  o f  th e  c e n t r a l  A u s t r a l i a n  O rdov ic ian  
Tumblagooda Sandstone  (TS) ,  Aroona Dams Sediments (AD) J i n d u c k i n  Format ion  
( J F ) , Cambrian Lake Frome Group (LFG) and th e  Dundas Group (DG) po le  
p o s i t i o n s  (F ig u r e  5 . 8 ;  Table  5 . 3 ) .  This  d i s c r e p e n c y  between th e s e  two 
t e c t o n i c a l l y  d i s t i n c t  r e g i o n s  may i n d i c a t e  small  s c a l e  r o t a t i o n s  o r  
t r a n s l a t i o n a l  movement between th e  Molong High/Cowra Trough and the  
s t a b i l i z e d  c e n t r a l  A u s t r a l i a n  c r a t o n  (Goleby,  1980).  Such N-S 
t r a n s l a t i o n a l  movements have  o ccu r red  in  o t h e r  e v o lv in g  c o n t i n e n t a l  m arg ins  
(Beck,  1976; I r v i n g ,  1979) and hence  may have been a f e a t u r e  o f  th e  
e v o l u t i o n  o f  the  south  e a s t  A u s t r a l i a n  marg in  d u r in g  the  O rd o v ic ia n .
The new O rdov ic ian  p o le s  f o r  sou th  e a s t  A u s t r a l i a  p l o t  on th e  same 
a p p a re n t  p o l a r  wander pa th  as th o s e  from c e n t r a l  A u s t r a l i a  s u g g e s t i n g ,  
t h e s e  two a r e a s  shared  a common pa th  d u r in g  the  O rdov ic ian  and so were 
connec ted  a t  t h a t  t im e .  Hence,  t h e s e  new d a t a  a r e  seen to  d i s p r o v e  the  
' two p l a t e  t h e o r y '  invoked by McElhinny & Embleton (1974) and Embleton e t  
a l .  ( 1 9 7 4 ) .
-  S i l u r i a n
The e i g h t  new p r im ary  S i l u r i a n  p o le s  f a l l  i n t o  two g ro u p s ,  
E a r ly -M id d le  and M iddle -La te  S i l u r i a n .  These two po le  p o s i t i o n s  c l e a r l y  
d e f i n e  a d e f i n i t e  westwards swing o f  the  p o l a r  wander p a t h ,  which i s  the  
key t o  the  new u n d e r s t a n d i n g  o f  A u s t r a l i a ' s  movements d u r in g  the  E a r l y  
P a l a e o z o i c .
Between the  E ar ly -M idd le  S i l u r i a n  and the  M idd le -La te  S i l u r i a n  an 
a n g u l a r  movement o f  40° in  40 m.y .  ( F ig u r e  5 . 3 ) ,  i s  i n d i c a t e d  by t h i s  new 
i n t e r p r e t a t i o n .  Such p o la r  wander r a t e s  a r e  t y p i c a l  to d a y ,  and hence a re  
n o t  c o n s id e r e d  p r o h i b i t i v e  f o r  A u s t r a l i a  d u r in g  the  E a r ly  P a l a e o z o i c .
The Mereenee Sandstone  (Embleton,  1972b) ranges  in  age from O rdov ic ian  
to  Devonian and i t s  age o f  m a g n e t i z a t i o n  i s  n o t  p r e c i s e l y  known. However, 
i t s  r e l a t i v e  p o s i t i o n  on th e  newly d e f in e d  pa th  s u g g e s t s  an E ar ly -M idd le  
S i l u r i a n  age o f  m a g n e t i z a t i o n .  This  i s  th e  on ly  p o le  fo r  t h i s  t ime  p e r i o d .
Only t h r e e  po le s  p r e s e n t  a problem to  t h i s  new i n t e r p r e t a t i o n ,  th e
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F i g u r e  5 . 8  Mc E l h i n n y  & E m b l e t o n ' s  ( 1 9 7 4 )  a p p a r e n t  p o l a r  wa nde r  p a t h  i s  
us ed  f o r  c o m p a r i s o n  w i t h  t h e  new d a t a  ( s o l i d  and open  h e x a g o n s  
r e p r e s e n t  t h e  new p r i m a r y  and s e c o n d a r y  c o mp o n e n t s  r e s p e c t i v e l y ) . 
A u s t r a l i a ' s  Lower P a l a e o z o i c  p o l e  p o s i t i o n s  ( s o l i d  c i r c l e s ) ,  a l o n g  
w i t h  s e v e r a l  u n p u b l i s h e d  La t e  P a l a e o z o i c  p o l e s  ( s o l i d  s t a r s ) ,  a r e  
p l o t t e d  and i n  mos t  c a s e s  a g r e e  w i t h  t h e  new d a t a .  Of t h e  t h r e e  
p o l e s  whi ch  do n o t  a g r e e ,  two f i t  b e t t e r  w i t h  t h e  new d a t a  on 
b e d d i n g  c o r r e c t i o n  ( i n d i c a t e d  by t h e  d i r e c t i o n  o f  t h e  a r r o w ) .
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Middle-Late Silurian to Siluro-Devonian poles, SV, AV and MP (Figure 5.8 
Table 5.3), which do not fall on the new path. All three have errors 
either in their past interpretation or their calculation. A detailed 
discussion of this problem, and a proposed solution, are given below in 
Section 5.1.3.
Devonian
The four new primary Devonian poles, by themselves, poorly define a 
mean Early-Middle Devonian pole position. However, when the secondary 
Devonian components are included the pole position for the Early-Middle 
Devonian is well defined. The inclusion of these secondary poles is valid 
as the age of deformation responsible for this age of magnetization is the 
Early-Middle Devonian late Bowning or Tabberabberan Orogeny.
Errors in each of the four primary Devonian poles are small (Table 
5.1), but, as the poles are scattered, the error is large when they are 
averaged (Table 5.2).
This Early-Middle Devonian pole position compares favourably with the 
position of the other Devonian poles (with the exception of the anomolous 
Siluro-Devonian poles mentioned previously). Two Devonian poles which are 
generally rejected from polar wander path interpretations, are an Late 
Devonian pole position obtained from the Catombal Formation (Williamson & 
Robertson, 1976) and a Late Devonian pole from the Lochiel Formation 
(Luck, 1973). The former pole involves computational errors and must still 
be rejected here. Similarly, the latter is also incorrect. However, 
Embleton & Shepherd (1977) and Schmidt (pers. comm., 1980) have extensively 
re-done the Lochiel Formation and their new pole position fits on the new 
path (Figure 5.8) adjacent to the ubiquitous Early-Middle Devonian 
overprint, which is not in stratigraphic order. The Upper Devonian Mulga 
Downs (MD; Embleton, 1977a), a Devonian overprint from Ross River (RRO; 
Kirschvink, 1978b) and the Middle Devonian Housetop Granite (HG; Briden, 
1967b; Schmidt, 1976a) pole positions form a cluster which represents an 
average Middle-Late Devonian pole position. The pole for the Lower 
Devonian Bowning Group (BG; Luck, 1973) plots towards the Late Devonian end 
of this segment. This is not regarded as a problem because the detailed 
nature of the Devonian segment of the Australian apparent polar wander path 
is not yet resolved. The Middle-Late Devonian pole positions (HG, MD & RRO 
Table 5.3) plot about 70° from the Early-Middle Devonian pole position. 
Such a path (Figure 5.8) invokes rapid polar movements, of the order of 70° 
per 20 m.y. Although this is fast, movements of this order have been 
observed in the past, for example India's rapid northward migration after 
its break away from Gondwana in the Mesozoic was of this order of 15 cm per
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y e a r  (C .T .  K l o o t w i j k ,  p e r s  comm.) .  I t  i s  p o s s i b l e ,  however ,  t h a t  t h e  La te  
Devonian end o f  t h i s  segment  may i n c o r p o r a t e  p a r t  o f  the  C a r b o n i f e r o u s  
which would s i g n i f i c a n t l y  r e d u c e  t h e  p o l a r  r a t e s .
S e v e r a l  u n p u b l i s h e d  p o l e s  have been  i n c o r p o r a t e d  i n  t h e  Devonian 
s e c t i o n  to  h e l p  improve t h e  r e s o l u t i o n .  These i n c l u d e  a s i n g l e  u n p u b l i s h e d  
p o le  from t h e  S i l u r i a n  Long F l a t  V o l c a n ic s  ( G o leby ,  1977a; 1977b;  Tab le  
5 . 3 ) ,  which has  been  e x t e n s i v e l y  r e m a g n e t i z e d  d u r i n g  th e  Mesozoic  ( F i g u r e  
5 . 8 ) .
P r im a ry  La te  Devonian p o l e s  from the  Minuma Range Group (G o leb y ,  1977a; 
1977b) ,  t h e  V i c t o r i a n  Devonian Lava Complex ( S c h m i d t ,  1976a ) ,  t h e  Tasmanian 
D e v o n i a n - C a r b o n i f e r o u s  Dykes ( S c h m i d t ,  1976a) and a Devonian Reef  Complex 
( S c h m i d t ,  1 976a ) ,  ( u n p u b l .  r e s u l t s  ; Table  5 . 3 )  a l l  f a l l  n e a r  the  Late  
D e v o n i a n - E a r ly  C a r b o n i f e r o u s  s e c t i o n  o f  t h e  p a t h .  The V i c t o r i a n  Devonian 
l a v a s  ( S c h m i d t ,  1976a) have been  r e c o l l e c t e d ,  and a r e  in  t h e  p r o c e s s  o f  
b e in g  r e a n a l y s e d  ( K l o o t w i j k ,  i n  p r e p . ) .  I n i t i a l  r e s u l t s  i n d i c a t e  two 
c om ponen t s ,  a C r e t a c e o u s  o v e r p r i n t  and a good p r im a ry  component .  
P a l a e o m a g n e t i c  r e s u l t s  from t h e  O r d o v i c i a n  Gordon Subgroup (Tasm an ia )  on ly  
y i e l d e d  a s t r o n g  C r e t a c e o u s  component  ( S h a r p i e s  & K l o o t w i j k ,  i n  p r e s s ) .  
These r e i n f o r c e  t h e  A u s t r a l i a n  Devonian a p p a r e n t  p o l a r  wander  p a t h .
5 . 1 . 3  The A i n s l i e  V o l c a n i c s ,  Mugga P orphyry  and S i l u r i a n  V o l c a n ic s  
Problem
These t h r e e  p o l e s  do n o t  f i t  t h e  new p a t h  and ,  t h e r e f o r e ,  an 
e x p l a n a t i o n  f o r  t h e  m i s f i t  must  be p roposed  b e f o r e  t h e  new p a th  can  be 
v a l i d a t e d .
Recent  d e t a i l e d  mapping o f  the  Canbe r ra  r e g i o n  (M. Owen & G.A.M. 
Hende rson ,  B.M.R.) has  shown t h a t  b o t h  t h e  A i n s l i e  V o l c a n ic s  and Mugga 
Porphyry  have  a c o n s i d e r a b l e  t e c t o n i c  d i p .  A l s o ,  s t r a t i g r a p h i c  
r e l a t i o n s h i p s ,  be tw een  t h e s e  two u n i t s ,  and w i th  s u r r o u n d i n g  s t r a t a  i n  the  
r e g i o n ,  have  been  b e t t e r  d e f i n e d  and so p r o v id e  new, more p r e c i s e ,  age 
c o n t r o l s  (M. Owen, B . M . R . ) . The Mugga P o r p h y ry ,  p r e v i o u s l y  t h o u g h t  to  be 
La te  S i l u r i a n  ( w i t h  a r a d i o m e t r i c  age o f  423 m.y)  and o l d e r  t h a n  the  
A i n s l i e  V o l c a n ic s  has  been  r e d e f i n e d  as  E a r l i e s t  L u d l o v i a n .  The age o f  the  
A i n s l i e  V o l c a n ic s  has  been r e v i s e d  from E a r l y  Devonian to  La te  W en lo ck ian ,  
and so t h i s  u n i t  i s  o l d e r  th a n  th e  Mugga P o rp h y ry .  These new age s  a r e  
s i g n i f i c a n t  in  a n a l y s i s  o f  t h e  p a l a e o m a g n e t i c  d a t a .  F o l d in g  i n  t h e  a r e a  
o c c u r r e d  d u r i n g  th e  La te  Devonian and hence  as  t h e s e  u n i t s  a r e  now 
c o n s i d e r e d  to  p re  d a t e  t h i s  d e f o r m a t i o n ,  a bed d in g  c o r r e c t i o n  sho u ld  be 
a p p l i e d  to  a l l o w  a c c u r a t e  i n t e r p r e t a t i o n  o f  any p re  L a te  Devonian 
m a g n e t i z a t i o n .  These two p o l e s  were n o t  bed d in g  c o r r e c t e d  and hence  the  
p u b l i s h e d  p o le  p o s i t i o n s  a r e  i n c o r r e c t .  The p o le  fo r  the  A i n s l i e  V o l c a n ic s
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was obtained from samples taken from several quarries on the slopes of 
Mount Ainslie (Luck, 1973). The detailed geology of this area indicates 
the Volcanics are folded about a N-S trending syncline. Dips vary from 0° 
to approximately 40° through the sample area, and elsewhere reach 70° 
(G.A.M. Henderson, B.M.R. pers. comm., 1979). Because the precise location 
of the sample site was not known, the original palaeomagnetic direction 
obtained from the Ainslie Volcanics was bedding corrected in steps of 5° to 
40°, to indicate the amount of change in the pole position with different 
tectonic dips. These results are given in Table 3.2, and the appropriate 
changes in pole position are indicated in Figure 5.8. With increasing dip, 
the recalculated pole moves back down the new path towards the Late-Middle 
Devonian region.
The lack of any evidence indicating the pole obtained for the Ainslie 
Volcanics might be primary, and the poor demagnetization procedures carried 
out in its analysis supports the suggestion that the pole is actually a 
secondary component. Its position on the proposed path dates the 
remagnetization as Early-Middle Devonian, a period of ubiquitous Devonian 
overprinting .
The Mugga Porphyry (Briden, 1966) was both thermally and A.F. 
demagnetized to 300°C and 70mT. The direction obtained was stable up to 
these limits and is regarded as primary (Briden, pers. comm., 1979). 
Detailed investigation of the sampling site (Oldershaw, 1966; G.A.M. 
Henderson, pers. comm., 1979) gave an average dip for the porphyry at 27.3° 
striking 330.6°. After this bedding correction was applied to the original 
direction it moved towards the Early-Middle Silurian interval of the new 
path. This suggests that this magnetization of the Mugga Porphyry is in 
fact primary, but because it was not previously corrected for tectonic 
orientation, the published result is invalid. The new age for the Mugga 
Porphyry agrees with its new position (Figure 5.8).
The third problem pole, that obtained for the Silurian Volcanics at 
Yass, is a composite pole which includes the Hawkins Group, Duro Volcanics 
and Laidlow Formation (Luck, 1973). This pole was obtained after a very 
limited cleaning procedure and has a negative fold test. These factors, 
considered with the fact that this pole plots within the region of 
ubiquitous overprinting, supports the reinterpretation of this pole as 
secondary. This reinterpretation is tentative, and further work on the 
Early-Middle Palaeozoic sequence at Yass is, therefore, essential.
5.1.4 The Australian Apparent Polar Wander Path
When the three recorrected Siluro-Devonian poles are plotted along 
with the new poles and the remaining Australian Early Palaeozoic poles, the
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resulting apparent polar wander path is a coherent, single, problem-free 
path (Figure 5.9).
If all the Ordovician and Silurian poles (Table 5.3) are reversed in 
polarity, as was suggested by Schmidt & Morris (1977), the new poles plot 
out of sequence (Figure 5.10). This suggests that the Schmidt & Morris
(1977) model (Figures 5.5, 5.10) is incorrect, and that the true polarity 
during the Silurian and Ordovician can be represented as South poles and 
that Australia resided in the northern hemisphere at this time. This 
resolves a previous ambiguity as to the true polarity of the Early 
Palaeozoic Australian poles (Morel & Irving, 1978; Embleton, in prep.).
Morel & Irving's (1978) interpretation of the Siluro-Devonian loop 
(path 'Y ', Figure 5.6) is similar to the new proposed path in its general 
shape, but the actual time periods implied at various points on path 1Y * 
are wrong. As the path was constructed to resolve discrepencies in the 
North American and European polar data relating to the opening and closing 
of problem marginal seas, errors were bound to occur when it was related to 
the Gondwana continents. The main difference is that the turning point of 
the loop on the new path occurs during the Early-Middle Devonian, whereas 
Morel & Irving's (1978) path regards this same point as Middle Silurian. 
The shape of the loop on this path (path 'Y ') was based on poles known to 
be in error, one of which has a negative fold test (AV, MP and two poles 
which represent the SV). Also in this loop (Figure 5.6) the Stairway 
Sandstone (SS; Embleton, 1972b) is Middle Ordovician (Late Llanvirnian to 
Llandeilian; Wells et al . , 1970) and the Hudson Formation (Luck, 1972) is 
Middle Cambrian, yet Morel & Irving (1978) have their Cambro-Ordovician 
path passing through the Stairway Sandstone, then the Hudson Formation 
before connecting with the Cambro-Ordovician Jinduckin Formation (Luck, 
1972), and Lake Frome Group (Embleton & Giddings, 1974) poles (Figure 5.6). 
Their Late Devonian 'loop' is based on selected poles assumed to be 
secondary components, yet valid primary poles have been left out and 
therefore this loop (Figure 5.6) is suspect. Secondly, Morel & Irving's
(1978) path requires movement through greater than 90° angular distance. 
This involved much greater polar wander rates than necessary.
From stratigraphic and magnetization ages, and recognition of primary 
poles, the new path fits the McElhinny & Embleton (1974) and Embleton et 
al . , ( 1974) path except for the Siluro-Devonian segment. The poles 
obtained in this study support the new interpretation of this segment of 
the path, and hence these authors interpretation of this segment, that of 
two plates, must be rejected.
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F i g u r e  5 . 9  A new a p p e r e n t  p o l a r  wander  p a t h  i s  c o n s t r u c t e d  whi ch  
s u c c e s s f u l l y  i n c o r p o r a t e s  a l l  t h e  A u s t r a l i a n  ( p u b l i s h e d  and
a v a i l a b l e  u n p u b l i s h e d )  p o l e  p o s i t i o n s .  Th i s  p a t h  i n v o l v e s  
m o d i f i c a t i o n  o f  McEl h i nny  & E m b l e t o n ' s  ( 1 9 7 4 )  p a t h  by  t h e
i n c l u s i o n  o f  a ' l o o p '  i n  t h e  S i l u r o - D e v o n i a n  s e g m e n t .  T h i s  l o o p  
i s  s i m i l a r  i n  s h a p e  t o  t h a t  p r o p o s e d  by  More l  & I r v i n g  ( 1 9 7 8 )  b u t  
i s  v e r y  d i f f e r e n t  i n  i t s  i m p l i e d  age  and t e c t o n i c  i m p l i c a t i o n s .
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Figure 5.10 When the new poles are plotted on Schmidt & Morris' (1977) 
path, the new Silurian poles plot out of stratigraphic sequence. 
To use this interpretation a grossly complex path would be 
necessary. From this it can be concluded that Australia resided 
in the northern hemisphere during the Ordovician, and that the 
poles recorded for that time are in fact South poles.
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5.2 EARLY PALAEOZOIC COMPARISONS WITH THE OTHER GONDWANA CONTINENTS 
5.2.1 Africa
The African polar wander path is shown in Figure 5.11. It is based on 
recent work by McWilliams (1977) on the Cambrian section and a combination 
of poles reported by Morel & Irving (1978), McElhinny (1968a; 1968b; 1969; 
1970; 1972; 1973), McElhinny & Cowley (1977; 1978) and Hailwood (1974). 
The poles used are listed in Table 5.3.
The Msissi Norite (Africa), originally reported as Late Devonian 
(Hailwood, 1974) was regarded as Siluro-Devonian by Schmidt, (1976a) 
because of its position on his reappraisal of the Gondwana polar wander 
path. On my path it would have to be at least Middle Silurian, and as its 
age is not precisely known this pole may still present a problem.
The Upper Ordovician Table Mountain Series (Graham & Hales, 1961), and 
the Devonian Elmina Sandstone (Briden et al., 1973) poles have both been 
reraagnetized during the Mesozoic. For the Siluro-Devonian period there is 
no reliable data for Africa. The pre-Ordovician and post-Devonian segments 
of the polar wander path, however, are reasonably well defined and 
documented (Hailwood, 1974; McWilliams, 1977; Burcur, 1971; McElhinny, & 
Opdyke, 1968) .
The pre-Ordovician and post-Devonian tracks for Africa show trends 
similar to the other Gondwana continents, which supports Smith & Hallam's 
(1970) reconstruction based on Mesozoic data. The Late
Precambrian-Cambrian path is common for both Australia and Africa, back to 
the Early-Middle Cambrian (600 m.y.), (McWilliams, 1977), beyond which a 
lack of data has resulted in two conflicting interpretations of the shape 
of the path : (1) and East and West Gondwana concept (McElhinny et al., 
1974; McElhinny & Embleton, 1976; Piper, 1976) and (2) an intact 
Precambrian Gondwanaland (McWilliams, 1977; Klootwijk, 1980a; 1980b).
For the Early Palaeozoic, Africa does little to substantiate the new
path .
Arabia and Madagascar (Table 5.3 Figure 5.11) are similar to Africa, 
though recent workers in Iran (Soffel & Foerster, 1980; Wensink et al., 
1978; Wensink, 1980) have reported Devonian poles falling in the same 
region as proposed for the new path.
5.2.2 South America
The pole path for South America is based on work by Creer (1970), 
Embleton (1970), Thompson (1972; 1973), Thompson & Mitchell (1972), and 
Valencio (1980a). When plotted on a Smith & Hallam (1970) reconstruction 
(Figure 5.11), the pole path is very similar in shape to the Australian 
polar wander path for the same period. A substantial amount of data (Table
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•  AfRICA 
O ARABIA 
»  MADAGASCAR 
■  SOUTH AMERICA 
« ANTARCTICA 
A INDIA
F i g u r e  3 . 1 1  The com bined  b e s t  f i t  p o l a r  w ander  p a t h  f o r  t h e  Gondwana 
c o n t i n e n t s  ( e x c l u d i n g  A u s t r a l i a )  i s  shown.  Both t h e
P r e c a m b r i a n - C a m b r i a n  and t h e  C a r b o n i f e r o u s - M e s o z o i c  s e c t i o n s  a r e  
w e l l  d e f i n e d ,  ho w e v e r  t h e r e  i s  a n o t i c a b l e  a b s e n c e  o f  d a t a  f rom 
t h e  O r d o v i c i a n  t o  D e v o n i a n .
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5.3) from both the Cambro-Ordovician and the Late Palaeozoic 
(Carboniferous) and Mesozoic periods have been obtained for South America,-V
though like Africa, there is very little reliable data for the 
Siluro-Devonian period. The only pole for this period, the Early to Middle 
Devonian Pico and Passagem Series Sediments (Creer, 1970), has recently 
been interpretated as an overprint (Thompson, 1972), and hence cannot be 
used to validate or refute the new path.
Recent reviews of South American palaeomagnetic data for the pre- 
Cambrian and post- Devonian periods (Hailwood, 1974; Thompson, 1972; 1973; 
Embleton, 1970) support the Smith & Hallam (1970) reconstruction, and 
propose apparent polar wander paths that are similar to paths obtained from 
other Gondwana continents.
5.2.3 Antarctica
Antarctic workers have measured 'what they could collect' and as a 
result there are little data for the Early Palaeozoic of Antarctica to date 
(Table 5.3). Early Ordovician poles from the S0r Rondanc intrusives 
(Zijderveld, 1968) and the Taylor Valley Lamprophyres (Manzoni & Nanni, 
1977), and a Late Cambrian pole from charnokites (McQueen et al., 1972) 
represent the available Early Palaeozoic palaeomagnetic information. The 
next youngest rock units sampled are Jurassic. Palaeomagnetic poles 
obtained from West Antarctica have not been included because this region 
comprises a number of isolated landmasses which have moved significantly 
relative to each other (Embleton, in prep.). The palaeomagnetic poles 
obtained to date confirm the Smith & Hallam (1970) reconstruction and that 
the stable East Antarctic craton was attached to Gondwana until break up 
(Figure 5.11).
5.2.4 India
Palaeomagnetic data for India for the Early Palaeozoic (Table 5.3) are 
scarce. The few poles available do give an indication of the apparent 
polar wander for India with relation to Gondwanaland (Figure 5.11).
The Precambrian-Cambrian Bhander Sandstone (Klootwijk, 1973; 1979; 
McElhinny et al., 1978), the Early Cambrian Khewra Sandstone (McElhinny, 
1970) and the Middle Cambrian Baghanwala Formation (Wensink, 1975) 
constitute the Late Precambrian-Early Palaeozoic palaeomagnetic record.
A single Siluro-Devonian pole from the Himalayan Rudraprayang 
Volcanics (Athavale et al., 1980) has been recorded. The Himalayan region 
has suffered varying degrees of rotation (Klootwijk & Bingham, 1980), but 
after rotation of this pole back to stable India (Klootwijk & Bingham, 
1980), it falls on the new path (Agarwal, 1980; Klootwijk, 1979; pers. 
comm., 1980; Figure 5.11).
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5 . 2 . 5  Gondwana and Apparen t  P o l a r  Wander
Evidence  from each  o f  the  Gondwana c o n t i n e n t s  s u p p o r t s  a Smith & 
Hallam (1970)  r e c o n s t r u c t i o n  c o n f i g u r a t i o n  fo r  the  E a r l y  P a l a e o z o i c ,  o r  i t s  
m o d i f i c a t i o n  (P o w e l l  e t  a l . ,  1980) .  However,  t h e r e  i s  a c u r r e n t  d e b a t e  
o v e r  the  c o r r e c t  r e l a t i v e  p o s i t i o n s  o f  E a s t  and West Gondwanaland (Powel l  
e t  a l  . , 1980; Embleton e t  a l . ,  1980) .  Th is  i n v o l v e s  minor  r e o r i e n t a t i o n  o f  
t h e  c o n t i n e n t a l  b l o c k s  w i t h i n  e ach  l a n d m a s s ,  i n c l u d i n g  I n d i a  w i th  A u s t r a l i a  
( K l o o t w i j k  & Bingham, 1980) and A u s t r a l i a  w i th  A n t a r c t i c a  (V eevers  & 
McElhinny,  1976; Powel l  e t  a l . ,  1980) .
From g e o l o g i c a l  c o n s i d e r a t i o n s  the  r e v i s e d  f i t  p roposed  by Powell  e t  
a l . ,  (1980)  a l l o w s  a b e t t e r  m atch  o f  g l o b a l  f o ld  b e l t s ,  c r a t o n i c  m arg in s  
and t ime d e p e n d e n t  f l o r a  and f a u n a .  However , when t h i s  r e c o n s t r u c t i o n  i s  
t e s t e d  u s in g  t h e  a v a i l a b l e  p a l a e o m a g n e t i c  d a t a  (Emble ton  e t  a l . ,  1980) 
t h e r e  i s  " l i t t l e  to  choose be tw een  t h e  two f i t s " .  The c o n v e n t i a l  Smith & 
Hallam (1970)  r e c o n s t r u c t i o n  i s  used  h e r e .
A E a r l y  P a l a e o z o i c - M i d d l e  Mesozoic a p p a r e n t  p o l a r  wander p a th  
( K l o o t w i j k ,  1980a;  1980b) which c o n t a i n s  t h e  l a t e s t  p o l e  p o s i t i o n s  f o r  
A u s t r a l i a  ( K i r s c h v i n k ,  1978a; 1978b;  1980; Burek e t  a l . ,  1979; McWill iams,  
1977) and an up t o  d a t e  s e l e c t i o n  o f  Gondwana p o l e s ,  i s  used as  a d a t a  base  
to  a l l o w  c o n s t r u c t i o n  o f  a Gondwana a p p a r e n t  p o l a r  wander  p a t h .
When th e  new s o u th  e a s t  A u s t r a l i a n  E a r l y  P a l a e o z o i c  p o l e  p o s i t i o n s  a r e  
i n c l u d e d ,  a r e v i s e d  a p p a r e n t  p o l a r  wander p a th  i s  c o n s t r u c t e d  fo r  
Gondwanaland as shown i n  F i g u r e  5 . 1 2 .  At f i r s t  g l a n c e  t h i s  p a th  a p p e a r s  
v e r y  ' l o o p y ' , p a r t i c u l a r l y  when i t  i s  compared w i th  t h e  e a r l i e r  p a th s  ( f o r  
example ,  McElhinny ,  1973) .  Overwhelming e v id e n c e  f o r  the  shape o f  t h e  Late  
P a l a e o z o ic - C a m b r i a n  segment  comes from a number o f  new p o l e s  from c e n t r a l  
A u s t r a l i a  ( K l o o t w i j k ,  1980a;  1980b;  McWill i ams,  1977; K i r s c h v i n k ,  1978a;  
1978b) and i s  s u p p o r t e d  by r e s u l t s  from the  o t h e r  Gondwana c o n t i n e n t s  
(T a b le  5 . 3 ) .  The e a r l y  La te  Cambrian to  O r d o v i c i a n  loop  ( K l o o t w i j k ,  1980a;  
1980b) i s  s u b s t a n t i a t e d  by bo th  South American and A f r i c a n  p o l e s .  The 
Middle  Cambrian l o o p ,  a l s o  from K l o o t w i j k  ( 1 9 8 0 a ;  1980b) c o i n c i d e s  w i th  the  
O r d o v i c i a n  segment  o f  the  p a t h .  At f i r s t  g l a n c e ,  t h i s  o v e r l a p  seems more 
t h a n  c o i n c i d e n c e  and s u g g e s t s  r e m a g n e t i z a t i o n  o f  Middle  Cambrian f o r m a t i o n s  
d u r i n g  the  O r d o v i c i a n  ( D e la m a r i a n  o rogeny)  r a t h e r  t h a n  p r im a ry  po le  
p o s i t i o n s .  However , e v id e n c e  ( K l o o t w i j k ,  1980a; 1980b; p e r s .  comm., 1980) 
c l e a r l y  i n d i c a t e d  t h e s e  p o l e s  a r e  p r im a r y .
O v e r a l l  t h i s  p a th  f i t s  a l l  t h e  r e l i a b l e  d a t a  most  s u c c e s s f u l l y ,  i t  
s u p p o r t s  the  Smith & Hallam r e c o n s t r u c t i o n  and the  ages  f o r  each  f o r m a t i o n  
conform to  t h e i r  r e s p e c t i v e  p o s i t i o n s  on t h e  p a t h .  As w e l l  as  t h e s e  t e s t s  
s e v e r a l  o t h e r  c o n s t r a i n t s  sho u ld  be a p p l i e d ,  i n  p a r t i c u l a r  an a n a l y s i s  o f
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climatic conditions and corresponding geology and palaeontology for each 
period. This composite check involves an investigation of palaeolatitudes 
for each time period.
3.3 AUSTRALIA'S PALAEOLATITUDE DURING THE EARLY PALAEOZOIC
5.3.1 Palaeolatitudes
If the palaeomagnetic pole from a particular formation is rotated back 
to the South (or North) Pole and the continent is rotated accordingly, the 
palaeogeographic position of that continent for that time interval is 
shown. A sequence of palaeogeographic (palaeolatitude) maps were 
constructed for Gondwanaland by taking a representative pole from the 
apparent polar wander path (Figure 5.12) for intervals in time ranging from 
the Late Proterozoic through to the Late Mesozoic. Each pole, and 
continental landmass, was rotated back to the South Pole after initially 
rotating' the pole back to Gondwanaland. The results obtained are shown in 
Figure 5.13, and indicate a sequence of rapid movements, and rotations, 
with Australia crossing both high and low latitudes in both hemispheres.
From the first few illustrations it is apparent that Australia resided 
in the northern hemisphere (Figure 5.13) before moving backwards and 
fowards across the equator several times. From the Early-Middle Silurian 
Australia finally moved into the southern hemisphere and stayed in the low 
latitudes until the Late Devonian when it moved rapidly towards the 
southern palaeo-polar region. During the Permian it lay on the South Pole, 
and then during the Mesozoic oscillated between polar and mid-latitudes, 
until the break up of Gondwana in the Cretaceous.
This marked variation in Australia's latitude should be evident in the 
geological formations deposited and the depositional environments and 
climatology implied from them.
5.3.2 Geology and Climatology
The palaeolatitude at the time of deposition can be identified by a 
number of climatic indicators (McElhinny, 1973). The first, and most 
obvious of these is glaciations, which confirm a polar position. Some 
types of glacial deposits may only be indicative of high altitudes and not 
of polar latitudes, but these deposits are not generally misinterpretated. 
There are several periods of glaciation recorded during the Phanerozoic of 
Gondwanaland, which can be used to test the validity of the polar wander 
path proposed. Ordovician glaciations recorded in Africa, place this 
continent within the polar regions at that time. This is in accord with 
the Ordovician palaeomagnetic results obtained from these glacial sediments 
(McElhinny & Embleton, 1974). The palaeolatitude implied by the
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F i g u r e  5 . 1 3  The p r e c e e d i n g  f o u r  ( 4 )  p a g e s  show a s e q u e n c e  o f  
p a l a e o l a t i t u d e  r e c o n s t r u c t i o n s  f o r  A u s t r a l i a .  These  were  p r o d u c e d  
by c h o o s i n g  a p o l e  f rom e a c h  c r i t i c a l  p o s i t i o n  on t h e  new a p p a r e n t  
p o l a r  wa nde r  p a t h  f o r  Gondwana and r o t a t i n g  i t  b a c k  t o  t h e  Sou t h  
p o l e .  The r e s u l t i n g  c o n f i g u r a t i o n  o f  t h e  Gondwana l a n d m a s s  i s  
shown,  w i t h  t h e  p o l e  u s e d  f o r  e a c h  r e c o n s t r u c t i o n  l a b e l l e d .  In 
s e v e r a l  t i m e  p e r i o d s  t h e r e  i s  a p p a r e n t l y  l i t t l e  movemen t ,  t h o u g h  
on t h e  new a p p a r e n t  p o l a r  wander  p a t h  ( F i g u r e  5 . 1 2 )  t h e r e  i s  a 
l a r g e  l o n g i t u d i n a l  movemen t .  T h i s  i s  b e c a u s e ,  on t h e s e  
r e c o n s t r u c t i o n s  l o n g i t u d e s  a r e  n o t  d e t e r m i n a b l e ,  and s e c o n d l y  t h e  
Gondwana l a n d m a s s  was c e n t r e d  f o r  e a c h  d i a g r a m  and so t h e  r e l a t i v e  
E-W m o t i o n  i s  n o t  shown.
142
palaeogeographic maps (Figure 5.13) for the Ordovician-Silurian time period 
suggests the West Gondwana landmass (Africa and South America) drifted 
slowly across the pole bringing first southern Africa then South America 
into the polar regions. This implies glacial deposits of Late Ordovician 
Silurian age should be found in South America (Frakes & Crowell, 1969). 
Another major glaciation episode, which eventually effected all the 
Gondwana continents, began in the Devonian with minor glaciations in South 
America, then Africa (Frakes & Crowell, 1970), (Figure 5.13). Then during 
the Permo-Carboniferous period, a time of major glaciation in East 
Gondwanaland, Antarctica, then Australia moved into the polar region. In 
eastern Australia, glaciation is evident in the Permian sediments of the 
Sydney Basin (Brown et al., 1968). The fauna found in these Permian
sediments are clearly indicative of this cold water environment of
deposition. New Zealand also experienced similar very cold conditions
during the this time (Brown et al., 1968).
In all the formations (Ordoviaian, Silurian and Devonian) sampled for 
this study there was no evidence of cold climatic conditions. The absence 
of glaciations then, can be used as a 'negative' climatic indicator. The 
Ordovician and Silurian strata contain sequences of shallow water marine 
sediments that, although not definitive, tend to indicate warm rather than 
cold climates during the time of deposition. A more positive indication of 
palaeolatitudes is the occurrence of limestones, as their formation is 
restricted to a belt 30° wide on either side of the equator (McElhinny,
1973). Limestones occur in the Ordovician, Silurian and to a much less
extent in the Devonian of south east Australia. Several examples of these 
were sampled. This indicates that, during this time, the Australian 
continent must have resided in latitudes of 30° or less. The
palaeogeographic maps (Figure 5.13) confirm such an interpretation of 
Australia's position during this time.
Other climatic indicators, but which were not identified within the 
areas sampled, include: (1) evaporitic deposits indicative of moderate
latitudes. (2) Carboniferous and Permian coalfields representative of 
equatorial and polar regimes respectively (McElhinny, 1973), and (3) 
specific faunal groups (for example, the labyrinthodont reptiles,
McElhinny, 1973). These can be used as potential checks on the
palaeomagnetic data when the geology sampled includes representatives o f
these criterion.
For south east Australia the absence of glacials and presence of
limestones supports the new apparent polar wander path. The extension of 
the Siluro-Devonian into a large loop indicates that Australia stayed in
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low latitudes (warm waters) for a longer period of time than indicated by 
previous paths, though undergoing rapid polar movement within this time 
zone (Figure 5.13).
5.4 MAGNETOSTRATIGRAPHIC STUDIES OF THE EARLY PALAEOZOIC 
5.4.1 Palaeomagnetic polarity scale for the Early Palaeozoic
For each formation, samples were collected along traverses (described 
in Chapter 1) for the particular purpose of hopefully obtaining a 
magnetostratigraphic profile. As mentioned (Chapter 1) the scarcity of 
outcrop in places or the outcrop pattern prevented the close spaced (2-5 
metres) sampling interval necessary for a true magnetostratigraphic 
investigation. Also, the high percentage of specimens that had been 
totally overprinted substantially reduced the number of specimens suitable 
for study. However, the limited results obtained, although not true 
magnetostratigraphic profiles, do indicate the nature of the polarity bias 
during the Early Palaeozoic.
By eliminating the North pole apparent polar wander path (Section 
5.1), the question of which hemisphere Australia resided in during the 
Early Palaeozoic-Late Phanerozoic has been solved (Section 5.1). In doing 
so the correct polarity bias for this time period can now be established.
The youngest component obtained was the recent field component 
(Section 5.1), identified as any direction similar in direction, though not 
necessarily in polarity, to the present field direction at the sampling 
site. Although both normal and reversed directions were looked for, only 
normal directions were obtained. There may have been unintended bias in 
manually removing this recent field component which may account for the 
absence of any reversed components. A better magnetization age is not 
possible as the Quaternary-Tertiary is a polarity disturbed period 
(McElhinny, 1978). The most logical age for the recent field component, 
based on the 100% normal polarity pattern, is the present, but this is 
excluded because the calculated pole from the direction plots off the pole 
path (Figure 5.3; Section 5.1).
The results obtained from specimens containing a primary direction 
from each area are given in Figure 5.14A,B & C. A compilation of 
palaeomagnetic studies of patterns of the geomagnetic field (Figure 
5.15A,B) is given for comparison with the results obtained from this study. 
Neither the Devonian, Silurian nor the Ordovician period has a single 
polarity. Each has a percentage of opposite polarity. The general 
polarity bias though, compares favourably with that shown in Figure 5.15, 
which inductively reinforces the reliability of the primary pole used.
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Figure 5.14 The magnetostratigraphic results for each Area are shown. 
As the Australian poles have been shown to be South poles the 
absolute polarity scale was determined and is shown here. At
present there is little that can be said about the 
magnetostratigraphic correlation between the two tectonic units. 
However, this absolute polarity scale can be used as a base for 
further work.
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A
F i g u r e  5 . 15  A) The mixed ( d i s t u r b e d )  
n a t u r e  o f  t h e  Cenozoic  p o l a r i t y  
t ime  s c a l e  p r e v e n t s  any 
a d e q u a t e  d e t e r m i n a t i o n  o f  t he  
t ime  o f  a c q u i s i t i o n  o f  t he  
r e c e n t  f i e l d  component  
( McEl h i nny ,  1978) .
F i g u r e  5 . 15  B) The g e n e r a l  p o l a r i t y  
b i a s  o b t a i n e d  from t h i s  s t u d y  
( F i g u r e  5 . 14 )  a g r e e s  wi t h  t he  
known p o l a r i t y  b i a s  f o r  
Gondwana as  we l l  as t he  o t h e r  
c o n t i n e n t s  ( McEl h i nny ,  1978) .
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The Early-Middle Devonian period is essentially normal in polarity. 
The Tenandra Formation is the only Formation containing a mixed polarity, 
with 54% of the directions reversedly magnetized (Figure 5.14).
The Silurian was a time of either mixed or normal polarity, with each 
formation indicating periods of disturbed polarity (Figure 5.14). No 
wholly reversed formation was sampled.
The Ordovician was, however, dominated by a reversed polarity (Figure 
5.14). The Middle to Late Ordovician Malongulli Formation contained a 
mixed polarity, with some 34% of the primary directions reversed. For the 
Early Ordovician, of the two formations sampled one was totally normal and 
the other (Mount Pleasant Andesite) totally reversed (Figure 5.14).
At present there are no other magnetostratigraphic studies of 
Ordovician, Silurian or Devonian strata from any of the Gondwana 
continents. With further work on other formations in the Tasman 
Geosyncline of south east Australia, the magnetic polarity sequence 
determined here should enable cross-correlation between the troughs and 
highs of this tectonic area.
5.4.2 Refinements of the stratigraphy using the magnetostratigraphic 
profiles
Ordovician
The two different polarities obtained from the Early Ordovician 
extrusion of the Walli Andesite and Mount Pleasant Andesite indicate that 
the sections sampled of each formation were not extruded at the same time, 
but rather at distinctly different times. The time required to change 
polarity completely is in the order of 1000 years (McElhinny, 1973, p. 
135), though the effects on the dipole field last up to 20,000 years. 
Therefore, there is at least a minimum of 1000 years separating extrusion 
of the Walli Andesite and Mount Pleasant Andesite.
Middle-Late Ordovician results were only obtained from a single 
section so preventing cross correlation.
Silurian
Correlation of sediments between the Cowra Trough and the Molong High 
based only on the obtained magnetostratigraphic profile is not possible. 
The magnetic polarity sequence, when superimposed on the known 
stratigraphy, indicates a sequence of mixed periods with sections of normal 
polarity. A revision of the Silurian stratigraphy based on the magnetic 
polarity sequence is not possible (Figure 5.14).
Devonian
The uncertainity in the age of two of the four formations sampled 
prevents a controlled correlation for the Devonian. The two late
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Early-Middle Devonian formations (Cunningham Formation and the Cowra 
Granodiorite, Chapter 4) are both normal, suggesting that the Middle 
Devonian may have been a period of normal polarity.
5.5 CONCLUSION
This investigation of 22 Early Ordovician to Middle Devonian 
formations, has produced detailed palaeomagnetic pole positions for the 
Early Palaeozoic of south east Australia. The following are the main 
points resulting from this study:
(1) Both the primary and secondary poles obtained from this study 
clearly define an apparent polar wander path for south east Australia 
during the Early Palaeozoic. A strong Early-Middle Devonian component
within the Molong High / Cowra Trough region was identified, and related to 
the major orogenic period in the area. This ubiquitous Devonian component 
was the dominant secondary component, often obscuring other components. The 
Cretaceous component, though prevelent in other areas was not common.
(2) This path is conformable with poles obtained from both older and 
younger formations for Australia and for the other Gondwana continents.
(3) The similar pole positions for south east Australia and central 
Australia conclusively disproves the 'two plate theory' (McElhinny & 
Embleton, 1974; Embleton et al., 1974).
(4) The Schmidt & Morris (1977) model is rejected, as the new poles 
plot out of stratigraphic sequence on their path.
(5) This resolves the ambiguity of the correct polarity and position 
of Australia during the Early Palaeozoic, for by rejecting the Schmidt & 
Morris (1977) model, the pole positions must be South poles, and hence 
Australia resided in the northern hemisphere as it is defined today.
(6) The palaeomagnetic data support the Smith & Hallam (1970) 
reconstruction, or a minor modification of that model (for example, Powell 
et al., 1980).
(7) The proposed path conforms to the known geological and climatic 
limitations placed on the changing position of Australia.
(8) A magnetostratigraphic profile is constructed for future use in 
tectonic correlations.
(9) The lack of Siluro-Devonian data from the other Gondwana 
continents indicates the need for further work in this time period.
(10) The pole path movement rates conform with known continental drift 
rates .
(11) Errors in three Australian Siluro-Devonian pole positions are 
documented, and corrected. The new results conform with the new path,
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though more accurate pole positions should be obtained by extensively 
redoing these problem areas.
(12) A correspondence between the acquisition of a magnetic component, 
either primary or secondary, and the peaking in orogenic activity in that 
area, is noticed. For each period of time, the components identified 
tended to cluster into well defined groups. This clustering has been 
referred to as 'quasi static', representing periods of minor continental 
movement. I believe that, although this is true, these periods are more 
directly related to peaks in the tectonic (orogenic) activity of that area 
when folding, faulting and a general rise in temperature can effect the 
magnetic components held in the rocks.
(13) Finally, further work on the Devonian period is essential to 
better define the shape and position of the Devonian 'loop'. The Yass 
Basin is recommended as a good starting point.
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